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Final  Progress  Report 
Introduction 

The  project  entitled  “Development  of  a  Multifaceted  Ovarian  Cancer  Imaging  Agent”  covers  the  period  from 
April  1  2007  -  March  31,  2011  (no  cost  extension,  original  end  date  03/31/2010).  This  final  report  covers  the 
entire  period  of  the  project  and  summarizes  our  findings  of  the  project  from  April  1,  2007  through  March  31, 
201 1 .  The  project  focuses  on  the  development  of  a  production  method  for  a  recombinant  disintegrin  vicrostatin 
(VN),  whose  structure  is  based  on  the  snake  venom  disintegrin  contortrostatin  (CN),  and  the  use  of  this 
integrin-binding  protein  in  imaging  ovarian  cancer.  As  a  therapeutic  agent  the  peptide  is  delivered  via  intra- 
peritoneal  injection  as  a  liposomal  formulation.  Additionally,  PET  imaging  radiotracers  can  be  covalently 
attached  to  VN  and  the  peptide  used  as  an  imaging  and  diagnostic  agent  in  ovarian  cancer  (OC).  In  the 
previous  reporting  periods  we  utilized  our  expression  system,  described  in  the  first  year’s  report,  to  produce  VN 
for  use  as  an  imaging  agent,  we  then  further  evaluated  and  quantitatively  determined  the  integrin  affinity  of  VN 
for  a  select  group  of  integrins  believed  to  be  important  in  ovarian  cancer,  and  evaluated  the  circulatory  half-life 
of  both  VN  and  liposomal  encapsulated  VN  (LVN).  Recently,  we  have  succeeded  in  developing  VN  as  an  OC 
PET  imaging  agent  and  have  established  methods  for  radionuclide  attachment  to  VN  and  produced  PET 
images  of  ovarian  cancer  at  an  early  stage.  Finally,  we  have  shown  that  that  the  attachment  of  the  PET  tracer 
to  VN  does  not  alter  its  biological  activity  or  ovarian  cancer  cell  binding. 

Summary  of  Progress  on  Specific  Aims 

During  the  period  of  this  grant  we  have  made  significant  progress  toward  successful  completion  of  the  goals 
and  milestones  of  this  project.  Building  on  work  from  the  previous  years  in  this  final  year  we  were  able  to 
successfully  develop  64Cu-VN  as  a  PET  imaging  agent.  We  were  able  to  successfully  label  VN  with  64Cu  and 
evaluate  its  ability  to  image  and  detect  an  ovarian  tumor  in  vivo.  Progress  in  these  studies  has  lead  to 
significant  advances  toward  our  final  two  milestones.  Our  Specific  Aims  and  Milestones  for  this  project  are: 
Specific  Aim  1:  Prepare  VN,  a  recombinant  disintegrin  with  proven  in  vivo  antiangiogenic  activity  (Milestone 
1,  completed  Year  1),  and  produce  a  liposomal  formulation  (LVN)  with  stability  characteristics  appropriate  for 
clinical  application  (Milestone  2,  completed  Year  1). 

Specific  Aim  2:  Demonstrate  imaging  potential  and  biological  efficacy  of  a  LVN  formulation  in  a  mouse  model 
of  ovarian  cancer  (Milestone  3,  completed). 

Specific  Aim  3:  Evaluate  the  use  of  VN  as  a  novel  tumor  imaging  agent  both  for  diagnostic  use  and  for 
evaluation  of  tumor  suppression  following  treatment  (Milestone  4,  completed/in  progress). 

Annual  Progress  Reports 
April  2008 

Preparation  of  vicrostatin  (VN) 

Recombinant  expression  of  a  venom  derived  disintegrin:  For  a  number  of  years  the  Markland 
laboratory  has  worked  with  contortrostatin  (CN),  a  disintegrin  isolated  from  Agkistrodon  contortrix  contortrix 
venom.  A  major  block  in  the  pathway  to  clinical  development  of  CN  was  the  supply  and  availability  of  the 
protein:  for  purification,  it  exists  as  a  very  small  fraction  of  the  total  venom  protein  (-0.01%),  and  for 
recombinant  production,  its  peculiar  structure  stabilized  by  numerous  disulfide  bonds  makes  its  expression  in 
commonly-employed  recombinant  systems  a  very  difficult  task.  Nonetheless,  we  have  successfully  employed 
a  recombinant  expression  system  for  which  we  developed  a  proprietary  production  method  capable  of 
generating  substantially  more  than  200mg  of  purified  active  recombinant  disintegrin  from  one  liter  of  bacterial 
culture  in  small-scale  laboratory  conditions.  To  generate  recombinant  disintegrins,  we  have  successfully 
adapted  a  commercially-available  E.  coli  expression  system  consisting  of  the  Origami  B  (DE3)  expression  host 
in  combination  with  the  pET32a  vector  (Novagen)  for  our  production  needs.  A  sequence-engineered  form  of 
CN,  called  Vicrostatin  (VN),  has  been  directionally  cloned  into  pET32a  expression  vector  incorporating  a 
unique  TEV  protease  cleavage  site,  which  facilitates  the  removal  of  the  thioredoxin  fusion  partner  from  the 
expressed  VN.  Briefly  for  recombinant  VN  production,  multiple  colonies  of  transformed  Origami  B  cells  were 
used  to  establish  primary  cultures  by  inoculating  5ml  LB  broth  batches  containing  carbenicillin  (lOOpg/ml), 
tetracycline  (12.5pg/ml),  and  kanamycin  (15pg/ml).  The  primary  cultures  were  grown  overnight  at  37°C  and 
250  rpm  in  a  shaker-incubator  and  used  to  seed  secondary  cultures.  Batches  of  fresh  500ml  LB  broth  in  the 
presence  of  the  three  antibiotics  were  then  inoculated  with  the  previously-established  primary  cultures  and 
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grown  at  37°C  and  250  rpm  to  an  OD600  of  0.6-1 .0.  At  this  point,  the  cells  were  induced  with  IPTG  added  to  a 
final  concentration  of  ImM  and  cultured  for  another  4-5  hours  at  either  25°C  or  37°C  and  250  rpm.  At  the  end 
of  the  induction  period,  the  cultures  were  centrifuged  at  4000xg  and  bacterial  pellets  lysed  by  utilizing  a 
scalable  homogenization  method  for  breaking  open  the  bacteria.  The  cells  were  homogenized  in  a 
microfluidizer  (Microfluidics  M-110L,  Microfluidics,  Newton,  MA)  at  room  temperature  by  resuspending  the  cell 
pellets  in  5  volumes  of  water  before  commencing  the  process.  The  operating  conditions  of  the  homogenizer 
included  applied  pressures  of  14,000-18,000  psi,  bacterial  slurry  flow  rates  of  300-400ml  per  minute  and 
multiple  passes  of  the  slurry  through  the  processor.  The  insoluble  cellular  debris  was  then  removed  by 
centrifuging  the  bacterial  lysates  at  40,000xg  and  the  soluble  cell  lysates  collected  and  further  analyzed  by 
SDS-PAGE  for  recombinant  protein  expression.  The  expressed  fusion  protein  (Trx-VN)  was  proteolysed  by 
adding  recombinant  TEV  to  the  soluble  cell  lysates  according  to  the  manufacturer’s  protocol  (Invitrogen).  The 
TEV  treatment  efficiently  cleaved  off  VN  from  its  TrxA  fusion  partner,  the  proteolysis  status  being  monitored  by 
SDS-PAGE.  When  proteolysis  was  complete,  the  proteolyzed  lysates  were  passed  through  a  0.22pm  filter, 
diluted  100-fold  in  water  and  ultrafiltered  through  a  50kDa  molecular  weight  cut-off  cartridge  (Biomax50, 
Millipore,  MA)  in  a  tangential  flow  ultrafiltration  device  (Labscale  TFF  system,  Millipore,  MA)  that  removed  most 
of  the  higher  molecular  weight  bacterial  proteins.  The  resulting  ultrafiltrates  were  then  re-concentrated  against 
a  5kDa  molecular  weight  cut-off  cartridge  (Biomax5,  Millipore  MA)  using  the  same  tangential  flow  ultrafiltration 
device.  VN  was  further  purified  by  reverse  phase  HPLC.  The  recombinant  disintegrin  we  have  produced 
through  this  system  is  recognized  by  polyclonal  antisera  raised  against  native  CN  and  inhibits  ADP  induced 
platelet  aggregation  in  a  dose  dependent  manner  with  an  IC50  almost  identical  to  native  CN  (~60nM). 
Moreover,  VN  inhibits  cell  adhesion  to  vitronectin  and  fibronectin,  inhibits  endothelial  cell  and  tumor  cell 
invasion  through  a  laminin-rich  reconstituted  basement  membrane,  and  inhibits  endothelial  cell  tube  formation 
in  a  manner  indistinguishable  from  native  venom  derived  contortrostatin.  In  conclusion,  due  to  its  robustness 
and  reproducibility,  we  believe  that  our  recombinant  production  method  will  be  easily  translatable  to  bioreactors 
for  scale  up  for  clinical  use. 

Preparation  of  Liposomal  Vicrostatin  (LVN) 

Liposomal  encapsulation  of  VN  using  a  homogenization  method:  To  prepare  liposomal  vicrostatin 
(LVN),  stock  solutions  of  the  phospholipids  and  cholesterol  were  prepared  by  dissolving  each  lipid  in  a 
chloroform/methanol  solvent  mixture.  Thin  lipid  films  were  created  by  pipetting  aliquots  of  the  lipid  solutions 
into  round  bottom  glass  tubes  followed  by  solvent  evaporation  at  65°C  under  a  stream  of  nitrogen  gas.  The 
dried  lipids  and  cholesterol  were  further  dried  under  vacuum  for  48  hours.  This  process  yielded  lipid  powder 
mixtures  that  were  used  to  prepare  LVN.  For  homogenization  or  sonication,  VN  was  dissolved  in  a  hydration 
buffer  (10mM  sodium  phosphate  and  262mM  sucrose,  pH  7.2)  and  added  to  the  dried  lipids.  The  lipid 
dispersion  was  incubated  for  five  minutes  at  50°C.  The  LVN  was  formed  by  either  probe  sonication  at  10% 
power  for  3  to  5  minutes  in  a  Branson  Probe  Sonifier  or  homogenized  by  passing  the  material  through  a 
microfluidizer  (M110L;  Microfluidics,  Newton,  MA).  The  material  was  processed  between  10,000  and  18,000 
psi  while  maintaining  an  elevated  temperature  (45-65°C).  Samples  of  the  liposome  batch  were  taken  during 
the  process  and  the  size  distribution  of  LVN  was  determined  with  an  Ultrafine  Particle  Analyzer  (UPA150) 
(Microtrac,  North  Largo,  FL).  After  processing,  unencapsulated  VN  was  removed  by  ultrafiltration  using  an 
Amicon  UF  membrane  of  100,000  MWCO  and  LVN  sterilized  by  filtration  through  a  0.2pM  PVDF  filter.  To 
determine  the  optimal  processing  conditions  to  formulate  the  LVN  in  large  scale,  we  performed  a  series  of 
processing  studies  using  the  Microfluidizer  and  compared  these  preparations  with  the  sonication  method  that 
had  been  used  to  produce  lab-scale  LVN  for  all  of  the  in  vitro  and  in  vivo  studies  performed  previously.  The 
homogenized  LVN  was  evaluated  for  size  distribution,  ease  of  0.2pM  filtration  and  percent  encapsulation  of  VN 
into  the  liposome  to  determine  the  best  formulation  (Table  1).  In  the  first  experiment,  25ml  of  LVN  (2mg/ml 
VN)  was  processed  at  18,000  psi  for  three  separate  1  minute  intervals  at  60-65°C  and  the  temperature 
controlled  using  a  heat  exchanger  set  at  45°C.  After  each  one  minute  homogenization  cycle,  a  sample  was 
evaluated  for  size  distribution  (Figure  1).  After  the  third  1  minute  homogenization  cycle,  the  formation  of  LVN 
was  complete  based  on  size  distribution  and  the  relative  translucence  of  the  product.  As  compared  to  the 
sonicated  material,  the  homogenized  LVN  was  similar  in  range  (55-85nm  average  range  for  sonicated  LVN, 
Table  1)  with  an  average  diameter  of  68nm  and  a  standard  deviation  of  21.1nm.  In  a  second  study,  25ml  of 
LVN  (2mg/ml  VN)  was  processed  at  10,000  psi  for  five  separate  30  second  intervals  at  50-55°C  and  the 
temperature  controlled  using  a  heat  exchanger  set  at  45°C.  The  rationale  for  this  processing  condition  was 
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two-fold.  First,  we  reduced  the  time/temperature  and  pressure  of  the  homogenization  parameters  in  an 
attempt  to  reduce  the  possibility  of  VN  degradation  and  second,  to  produce  larger  vesicles  that  might 
encapsulate  a  greater  quantity  of  VN.  After  each  30  second  homogenization  cycle,  a  sample  was  evaluated 
for  the  size  distribution  (Figure  2);  the  average  size  of  LVN  was  83nm  and  liposome  formation  was  considered 
complete  based  on  the  size  distribution  and  the  relative  translucence.  Despite  the  larger  vesicles  prepared, 
the  percent  encapsulation  was  in  the  same  range  as  the  previously  formulated  material  (Table  1).  Under  the 
recirculation  conditions  used  in  the  first  two  experiments,  it  is  possible  that  not  all  of  the  LVN  was  processed  for 
the  same  amount  of  time  due  to  a  mixing  effect  during  this  type  of  processing.  In  a  third  processing 
experiment,  25ml  of  LVN  (2mg/ml  VN)  was  processed  at  18,000  psi  for  seven  separate  passes  at  60-65°C  and 
the  temperature  controlled  using  a  heat  exchanger  set  at  45°C.  In  this  experiment,  the  size  distribution  of  the 
sample  never  reached  completion.  The  average  size  of  the  liposomes  remained  greater  than  200nm  and  the 
standard  deviation  was  greater  than  500nm.  Optically,  this  preparation  appeared  flocculent  and  was  not 
translucent  like  the  other  batches  and  was  not  filterable  through  a  0.2pM  filter  (data  not  shown).  In  a  final 
experiment,  60ml  of  LVN  (2mg/ml  VN)  was  processed  at  13,000  psi  for  three  separate  1  minute  intervals  at  60- 
65°C  and  the  temperature  controlled  using  a  heat  exchanger  set  at  45°C.  The  final  processed  material 
showed  a  size  distribution  of  68nm  (+/-  20nm).  This  material  filtered  easily  through  a  0.2pM  filter  and  was 
optically  translucent.  Taken  together,  these  data  indicate  LVN  can  be  processed  by  homogenization  and  that 
these  liposomes  appear  equal  in  size,  filterability  and  percent  encapsulation  to  LVN  previously  formed  by 
sonication.  In  addition,  the  homogenized  material  has  been  scaled  to  60ml  per  batch,  which  is  12  times  that  of 
the  sonicated  batches.  Since  homogenization  has  been  used  by  others  in  the  industry  for  liposome 
preparations,  we  are  encouraged  that  this  product  can  be  scaled  to  volumes  necessary  for  commercialization. 

[n  vitro  activity 

i.  Binding  to  inteqrins  on  cell  surfaces:  We  have  shown  that  VN  binds  with  different  affinities  to  a 
panel  of  human  ovarian  cancer  cell  lines  dependent  on  the  integrin  display  status  of  the  individual  cell  line 
(Table  2).  Using  a  FACS  based  assay  we  evaluated  the  ability  of  fluorescently  labeled  VN  to  bind  to  Human 
Umbilical  Vein  Endothelial  Cells  (HUVEC)  and  the  ovarian  cancer  cell  lines  OVCAR-3  and  A2780  (Figure  3). 
This  study  revealed  differential  binding  to  the  cells,  and  this  appears  to  be  dependent  on  their  integrin  profiles. 
The  results  of  these  studies  supports  our  hypothesis  that  the  promiscuous  nature  of  integrin  binding  by  VN 
allows  for  broad  targeting  toward  ovarian  cancer. 

ii.  Inhibition  of  cell  adhesion  to  various  ECM  proteins:  The  effect  of  VN  on  cell  adhesion  was 
assayed  using  the  OC  cell  lines  OVCAR-3,  A2780  and  HUVEC  incubated  in  serum-free  DMEM  (Dulbecco’s 
Modified  Eagle’s  Medium)  with  various  concentrations  (O-IOOOnM)  of  VN  for  30  min  and  then  seeded  in  wells 
pre-coated  with  100  pi  of  Fibronectin  (Fn)  or  Vitronectin  (Vn)  (15pg/ml)  in  a  96-well  plate  at  25,000  cells/well. 
The  seeded  cells  were  allowed  to  adhere  to  immobilized  Fn  or  Vn  for  1  hr  at  37C  in  the  presence  of  5%  C02. 
The  non-adherent  cells  were  then  washed  away  and  the  number  of  adherent  cells  for  each  condition  was 
estimated  colorimetrically  using  the  MTS  cell  viability  assay.  The  results  were  calculated  in  %  adhesion 
(Figure  4),  where  the  untreated  control  was  considered  as  100%  adhesion.  With  Fn  there  was  a  dose 
dependent  inhibition  of  adhesion  by  VN  with  an  IC50  of  <100nM  comparable  to  the  value  observed  previously 
with  native  CN.  Treatment  of  the  cells  with  lOOOnM  VN  allowed  for  less  than  25%  of  the  cells  to  adhere. 
Inhibition  of  adhesion  to  vitronectin  by  VN  displayed  a  slightly  higher  IC50  somewhat  greater  than  lOOnM,  but 
again  comparable  to  that  seen  with  CN.  With  cells  plated  on  Vn,  treatment  with  lOOOnM  VN  shows  that  less 
than  40%  of  the  cells  remain  adherent.  VN  produced  by  the  recombinant  system  retains  biological  activity 
equal  to  that  of  the  natural  protein,  CN. 

iii.  Inhibition  of  cellular  invasion:  To  assess  the  ability  VN  to  block  the  invasion  of  HUVEC,  OVCAR- 
3  and  A2780  cells  through  a  reconstituted  basement  membrane,  we  used  a  cell  invasion  assay  kit  from 
Chemicon  (Temecula,  CA).  This  kit  utilizes  an  invasion  chamber,  which  consists  of  cell  culture  inserts  that  fit 
into  a  24-well  tissue  culture  plate.  The  inserts  contain  an  8  pm-pore  size  polycarbonate  membrane,  over  which 
a  thin  layer  of  ECMatrix™  was  applied.  The  ECMatrix™  serves  as  an  in  vitro  reconstituted  basement 
membrane  and  is  a  solid  gel  of  ECM  proteins  prepared  from  the  Engelbreth  Holm-Swarm  (EHS)  mouse  tumor. 
The  ECM  layer  occludes  the  membranes  pores,  blocking  non-invasive  cells  from  migrating  through.  The 
HUVEC,  OVCAR-3  and  A2780  cells  were  starved  overnight  in  DMEM  containing  0.1%  FBS  and  harvested  and 
resuspended  in  serum  free  DMEM  (at  1x106cell/ml).  The  cells  were  incubated  in  the  presence  of  various 
concentrations  (10,  100,  1000nM)  of  VN  for  30  min  at  25C.  Then  300pl  of  cell  aliquots  from  each  condition 
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were  added  to  each  invasion  insert,  whereas  the  bottom  well  of  the  chamber  received  500|jl  of 
chemoattractant  (conditioned  medium  from  human  HT1080  fibrosarcoma  cells).  The  invasion  chamber  was 
then  incubated  for  8hr  at  37C  in  the  presence  of  5%  C02  and  the  cells  were  allowed  to  invade  through  the 
ECM  toward  the  chemoattractant.  After  8hr,  the  cells  that  invaded  through  the  pores  into  the  lower  chamber 
were  detached,  collected  and  lysed.  The  total  DNA  content  from  each  cell  lysate  was  determined  after  labeling 
with  a  DNA-binding  fluorescent  dye  according  to  the  manufacture’s  protocol.  The  numbers  of  invaded  cells  for 
each  condition  were  approximated  by  further  quantitating  the  labeled  DNA  using  a  SPECTRAmax  GeminiEM 
fluorescent  plate  reader.  The  results  were  calculated  in  %  invasion  (Figure  5),  where  the  untreated  control 
was  considered  as  100%  invasion.  VN  inhibits  the  invasion  of  all  of  the  cell  lines  tested.  The  IC50  for  OVCAR- 
3  and  A2780  were  <20nM,  while  the  IC50  for  HUVEC  approaches  InM  (data  not  shown). 

iv.  Inhibition  of  HUVEC  tube  formation:  To  assess  the  ability  of  VN  to  interfere  with  tube  formation, 
HUVEC  cells  were  maintained  in  EGM-2  complete  media  and  grown  to  confluency.  The  HUVEC  cells  were 
then  harvested  by  brief  trypsinization,  washed  in  the  presence  of  soybean  trypsin  inhibitor  (1  mg/ml),  and 
resuspended  in  basal  media.  After  being  maintained  in  suspension  for  15-30  min,  cells  were  seeded  on  to 
Endothelial  Cell  Tube  Formation  plates  (BD  BioCoat™  Angiogenesis  System),  an  in  vitro  endothelial 
tubulogenesis  system,  at  a  concentration  of  25,000  cells  per  well  and  immediately  treated  with  various 
concentrations  of  VN,  CN  (control),  or  Suramin  salt  (supplier  provided  positive  control)  and  incubated  for  18 
hours  at  37C.  At  the  end  of  the  incubation  period,  cells  were  washed  twice  with  PBS  and  then  stained  with  8 
pg/ml  Calcein  AM  in  PBS  at  37C.  After  30  min  the  cells  were  washed  again  two  times  with  PBS  and  then 
imaged  (Figure  6)  using  confocal  microscopy  at  2.5X  and  10X  magnifications.  On  the  captured  images,  the 
total  length  of  tubes  was  quantitated  with  Zeiss  LSM  image  software  and  data  plotted  (Figure  7)  against  the 
total  length  of  tubes  (in  pm)  generated  by  untreated  cells.  Representative  tubes  from  6  different  wells  were 
measured  by  3  separate  individuals  and  averaged  to  form  each  data  point  (Figure  7).  VN  inhibits  tube 
formation  as  effectively  as  CN  (data  not  shown). 

Key  Research  Accomplishments 

•  Produced  recombinant  form  of  disulfide  rich  disintegrin 

•  Encapsulated  in  liposomes  as  potential  therapeutic 

•  Evaluated  the  ability  of  recombinant  protein  to  inhibit  adhesion,  migration  and  invasion  as  well  as 
assayed  for  ability  of  the  protein  to  bind  to  tumor  cells 

•  Evaluated  the  ability  to  inhibit  endothelial  cell  tube  formation 

Conclusion 

LVN  is  a  novel  liposomal  formulation  of  a  disintegrin  engineered  using  standard  recombinant  techniques.  The 
results  from  the  studies  clearly  show  that  LVN  prepared  by  a  commercially  viable  technique  retains  integrin 
binding  and  antiangiogenic  activity  equivalent  to  the  laboratory  prepared  material.  Based  on  this  integrin 
affinity  in  the  next  phase  of  the  studies  we  will  evaluate  the  in  vivo  OC  cell  binding  and  subsequent  use  of  VN 
as  a  pet  imaging  agent. 

Progress  Report  2009 

Binding  to  integrins  on  cell  surfaces:  In  the  previous  year’s  progress  report  we  have  shown  that  the 
recombinant  VN  binds  with  different  affinities  to  a  panel  of  human  ovarian  cancer  cell  lines  dependent  on  the 
integrin  display  status  of  the  individual  cell  line.  To  quantitatively  assess  the  binding  affinities  of  VN  with 
soluble  functional  integrins,  two  approaches  were  evaluated.  First  the  disintegrins  were  immobilized  on  the 
surface  of  a  BiaCore  surface  Plasmon  resonance  chip.  The  soluble  integrin  was  then  allowed  to  interact  with 
the  immobilized  disintegrin.  This  approach  was  unsuccessful  with  VN,  presumably  because  the  integrins  had 
limited  access  to  VN.  This  was  confirmed  by  flowing  an  anti-VN  antibody  across  the  surface  and  this  also 
displayed  limited  binding.  It  is  believed  that  the  disintegrin  interaction  with  the  carboxymethyl  cellulose  surface 
causes  VN  to  be  buried  and  unavailable  for  binding.  In  an  attempt  to  solve  this  issue  fluorescence  polarization 
(FP)  was  used  to  determine  binding  kinetics.  In  this  method,  differing  concentrations  of  functional  integrin  were 
incubated  with  a  constant  amount  of  FITC  labeled  VN.  As  VN  is  a  small  molecule  it  rapidly  depolarizes  the 
excitation  light.  Upon  binding  to  the  large  integrin,  the  fluorescent  tag  on  VN  tumbles  in  solution  at  a  slower 
rate  resulting  in  increased  levels  of  polarization.  The  measured  FP  value  is  a  weighted  average  of  FP  values 
of  the  bound  and  free  fluorescent  VN  and  is  therefore  a  direct  measure  of  the  fraction  bound.  Data  generated 
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in  these  experiments  can  be  analyzed  like  standard  radioligand  binding,  and  kinetics  of  binding  can  be 
determined  as  with  Scatchard  analysis  using  a  non-linear  curve  fit.  From  this  set  of  experiments  we 
determined  the  dissociation  constants  for  VN  and  CN  with  integrins  av(33,  a5(31  and  av(35  (Table  3). 
Recombinant  VN  was  purposely  designed  with  a  carboxy  terminal  extension,  which  was  expected  to  enhance 
affinity  for  a5pi.  This  was  confirmed  as  CN  and  VN  exhibit  nearly  identical  affinities  for  avp3  and  similar 
affinity  for  av|35,  while  there  is  an  order  of  magnitude  difference  in  the  Kd  values  for  binding  to  a5p1  when 
comparing  VN  (higher  affinity  binding)  to  CN.  In  the  evaluation  of  the  dissociation  constants  of  VN  for  integrins 
avp3,  avp5  and  a5pi  (integrins  that  are  over  expressed  on  ovarian  cancer  cell  lines)  we  found  that  the  carboxy 
terminal  modification  in  VN  does  impart  a  higher  affinity  for  a5p1,  as  designed.  The  results  of  these  studies 
support  our  hypothesis  that  the  promiscuous  nature  of  integrin  binding  by  VN  allows  for  broad  targeting  toward 
ovarian  cancer. 

Determination  of  circulatory  half-life  of  LVN:  Previously  we  had  determined  the  circulatory  half-life  of  CN 
and  liposomal  CN.  We  repeated  these  studies  for  VN  and  liposomal  VN  (LVN).  To  carry  out  this  study  blood 
samples  were  taken  0.5,  1,  3,  6,  18,  24,  48  and  72  hours  following  i.v.  administration  of  125I-VN  or  L-125I-VN. 
Gamma  counting  of  collected  blood  samples  revealed  that  there  was  a  rapid  decrease  to  <0.1%  of  the 
administered  counts  in  the  blood  at  6  hours  after  i.v.  injection  of  125I-VN.  However,  in  animals  given  L-125I-VN, 
the  percentage  of  total  injected  counts  in  the  blood  drops  to  a  level  of  63%  of  the  injected  counts  6  hours 
postinjection  and  gradually  decreases  over  the  following  66  hours.  By  plotting  the  decrease  in  radioactivity  in 
blood  over  time  following  i.v.  administration  in  tumor-free  mice,  we  observed  a  circulatory  half-life  of  0.4  h  for 
125|-VN  and  20.4  h  for  L-125I-VN.  Thus,  encapsulation  of  VN  in  liposomes  not  only  protects  the  protein  but  also 
maintains  it  in  the  circulation  for  a  much  longer  period  of  time  than  native  unencapsulated  VN,  enabling  more 
effective  access  to  the  tumor. 

Labeling  VN  for  use  as  a  PET  imaging  agent:  For  use  as  a  PET  imaging  agent  in  ovarian  cancer  VN  needs 
to  be  adducted  to  an  appropriate  PET  radionuclide.  In  this  instance  the  radionuclide  utilized  was  64Cu, 
selected  due  to  its  relatively  long  (for  a  PET  agent)  half  life,  12.7hrs,  which  makes  it  more  suitable  for  larger 
peptide  or  protein  based  PET  imaging,  and  enhances  the  efficacy  of  conjugation  to  the  macrocylic  chelator 
1,4,7,10-tetraazacyclododecane-A/,A/',A/", AT-tetraacetic  acid  (DOTA),  a  heterobifunctional  crosslinker  that  can 
be  attached  to  Lys  residues  in  proteins.  To  create  a  VN-DOTA  conjugate  DOTA  is  first  activated  by  1  -ethyl-3- 
[3-(dimethylamino)propyl]carbodiimide  (EDC)  and  N-hydroxysulfonosuccinimide  (SNHS)  at  pH  5.5  for  30  min 
with  a  molar  ratio  of  DOTA:EDC:SNHS  =  10:5:4.  The  DOTA-succinimide  reaction  mixture  (15  pmol,  calculated 
on  the  basis  of  SNHS)  was  cooled  to  4°C  and  added  to  VN  (3:1  molar  ratio)  dissolved  in  500  pL  of  water.  The 
reaction  mixture  was  adjusted  to  pH  8.5  with  0.1N  NaOH  and  allowed  to  incubate  overnight  at  4°C.  The 
DOTA-coupled  VN  was  purified  by  semipreparative  HPLC.  The  peak  containing  the  conjugate  was  collected, 
lyophilized,  and  dissolved  in  water  (2  mg/mL)  for  use  in  radiolabeling  reactions.  For  64Cu  labeling  of  the  VN- 
DOTA  conjugate  20  pL  of  64CuCI2  (74  MBq  in  0.1N  HCI)  was  diluted  in  400  pL  of  0.1  mol/L  sodium  acetate 
buffer  (pH  6.5)  and  added  to  the  DOTA-VN  solution  (a  1  mg/mL  solution  of  peptide  was  made  and  separated 
into  aliquots;  80  pg  of  DOTA-VN  and  37  MBq  of  64Cu  were  used  for  labeling).  The  reaction  mixture  was 
incubated  for  1  h  at  40C.  64Cu-DOTA-VN  was  then  purified  by  semipreparative  HPLC,  and  the  radioactive  peak 
containing  the  desired  product  was  collected.  After  removal  of  the  solvent  by  rotary  evaporation,  the  residue 
was  reconstituted  in  phosphate-buffered  saline  for  in  vivo  animal  experiments.  The  labeling  yield  of  64Cu- 
DOTA-VN  is  74%  based  on  HPLC  profile.  Current  studies  are  ongoing  to  evaluate  the  retention  of  bioactivity 
of  the  labeled  VN. 

Binding  of  an  integrin  targeted  peptide  to  an  orthotopic  xenograft  ovarian  tumor:  In  these  studies  we 
established  an  orthotopic  xenograft  ovarian  tumor  through  surgical  exposure  of  the  ovary  and  direct  injection  of 
the  ovarian  cancer  cells  (IxlO6  cells  in  50pl)  into  the  stroma  of  the  ovary.  The  tumors  were  allowed  to  grow 
untreated  for  28  days.  At  this  time  an  integrin-targeted  disintegrin-like  peptide  ligand  was  injected  systemically 
by  intravenous  injection.  The  FITC  labeled  cyclic  peptide  contains  the  sequence  CTRKKHDNAGC,  cyclized 
through  the  Cys  sidechains,  and  is  based  on  the  putative  integrin  binding  loop  of  the  disintegrin  domain  of 
Jararhagin,  a  metallopreoteinase  with  a  disintegrin  domain  isolated  from  Bothrops  jararaca,  a  venomous  pit 
viper  found  in  Brazil,  Paraguay  and  northern  Argentina.  After  the  peptide  is  injected  systemically 
(lOpg/mouse),  the  ovary  is  surgically  exposed  and  imaged  (Fluorescence  Mode,  Xenogen  IVIS100  System). 
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Figure  8  shows  that  the  tumor  has  a  high  level  of  fluorescence  associated  with  the  tumor  tissue  surrounding 
the  ovary.  Conversely  the  tissue  surrounding  the  control  non-tumor  bearing  ovary  shows  little  fluorescence 
indicating  specific  binding  to  the  tumor  cells  by  the  fluorescently  labeled  integrin  ligand.  Ongoing  studies  are  in 
progress  to  repeat  this  experiment  in  an  orthotopic  model  with  FITC-VN. 

Key  Research  Accomplishments 

•  Determined  the  enhanced  affinity  of  the  recombinant  disintegrin  for  an  integrin  overexpressed  on 
ovarian  tumors 

•  Evaluated  the  circulatory  half-life  of  VN  versus  LVN 

•  Determined  a  method  to  radiolabel  VN  (and  CN)  with  PET  radionuclides 

•  Evaluated  the  ability  and  specificity  of  an  integrin  targeted  peptide  ligand  to  bind  to  an  orthotopic 
xenograft  ovarian  tumor 

Conclusion 

LVN  is  a  novel  liposomal  formulation  of  a  disintegrin  engineered  using  standard  recombinant  techniques.  The 
results  from  the  Year  I  studies  clearly  show  that  LVN  prepared  by  a  commercially  viable  technique  retains 
integrin  binding  and  antiangiogenic  activity  equivalent  to  the  laboratory  prepared  material.  In  the  second  year 
of  this  project  we  have  been  successful  in  determining  the  Kd  of  VN  for  integrins  important  to  OC.  We  have 
shown  that  an  integrins  can  be  specifically  labeled  in  vivo  and  finally  we  have  begun  development  of  the 
methods  necessary  for  use  of  VN  as  PET  imaging  agent. 

Progress  Report  2010 
Body 

Labeling  VN  for  use  as  a  PET  imaging  agent:  For  use  as  a  PET  imaging  agent  in  ovarian  cancer  VN  needs 
to  be  complexed  with  an  appropriate  PET  radionuclide.  In  this  instance  the  radionuclide  utilized  was  64Cu,  as 
described  above  (Progress  Report  2009).  For  in  vitro  bioactivity  studies  cold  CuCI2  was  substituted  for 
64CuCI2;  all  other  procedures  were  carried  out  as  with  the  radioactive  material. 

Retention  of  biological  activity  of  Cu  labeled  disintegrin:  To  assess  the  biological  activity  of  Cu-DOTA-VN 
we  measured  its  ability  to  block  processes  critical  to  tumor  survival  and  progression:  adhesion,  migration  and 
invasion.  We  measured  the  inhibitory  effect  on  different  tumor  cell  lines,  as  well  as  endothelial  cells.  Inhibition 
of  adhesion  is  evaluated  through  the  ability  of  Cu-DOTA-VN  to  block  cell  attachment  to  a  number  of  different 
extracellular  matrix  proteins.  We  observed  a  dose  dependence  in  the  inhibition  of  adhesion  of  OVCAR-5  and 
A2780  ovarian  cancer  cell  lines  as  well  as  human  umbilical  vein  endothelial  cells  (HUVEC),  to  both  vitronectin 
and  fibronectin,  extra-cellular  matrix  (ECM)  proteins  that  are  ligands  for  integrins  targeted  by  VN  (data  not 
shown).  Cellular  migration  is  also  inhibited  by  VN  in  a  dose  dependent  manner.  To  evaluate  tumor  and 
endothelial  cell  migration  a  phagokinetic  tracking  assay  is  employed.  In  this  assay  cells  are  plated  on  a 
collagen  coated  cover-slip  with  an  overlay  of  colloidal  gold.  As  the  cells  move  they  displace  or  ingest  the 
colloidal  gold  leaving  tracks  on  the  surface  of  the  cover-slip.  Then,  using  dark-field  microscopy  the  tracks  can 
be  visualized  and  photographed.  Using  image  analysis  software  the  area  of  the  tracks  in  a  photographed  field 
can  be  determined  and  a  “migration  index”  can  be  calculated  as  a  percentage  of  the  field  lacking  gold. 
Following  treatment  by  increasing  concentrations  of  VN  and  Cu-DOTA-VN  the  migration  of  both  cancer  and 
endothelial  cells  is  significantly  limited.  Finally,  the  ability  of  cells  to  invade  through  the  ECM  was  evaluated 
using  modified  Boyden  chambers.  These  chambers  contain  a  Matrigel  coated  porous  membrane  (pore  size 
8pm).  A  chemoattractant  is  placed  in  the  lower  chamber  and  untreated  cells  invade  through  the  membrane 
toward  the  attractant.  Both  Cu-DOTA-VN  and  VN  block  the  invasion  of  endothelial  (HUVEC)  and  OVCAR-5 
cells  in  a  dose  dependent  manner  with  IC50  at  low  nM  concentrations.  These  results  show  that  Cu-DOTA-VN 
has  essentially  identical  activity  to  VN  in  inhibiting  invasion  of  endothelial  and  ovarian  cancer  (OVCAR-5)  cells. 
The  results  also  convincingly  demonstrate  one  of  the  important  attributes  of  VN,  that  it  inhibits  endothelial  cell 
as  well  as  tumor  cell  invasion  in  the  low  nM  range. 

Binding  of  Cu  labeled  VN  to  integrins  found  on  ovarian  cancer  cell  surfaces:  In  the  previous  year’s 
progress  report  we  showed  that  recombinant  VN  binds  with  different  affinities  to  a  panel  of  human  ovarian 
cancer  cell  lines  dependent  on  the  integrin  display  status  of  the  individual  cell  line.  In  the  present  studies 
fluorescence  polarization  (FP)  was  used  to  determine  binding  kinetics  to  the  identified  subset  of  integrins.  In 
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this  method,  differing  concentrations  of  functional  integrin  were  incubated  with  a  constant  amount  of  Cu-DOTA- 
labeled  FITC-VN,  non  radioactive  Cu  was  used  in  these  experiments  but  the  process  for  labeling  was  carried 
out  identically  to  that  used  with  the  PET  tracer  agent.  As  Cu-DOTA-FITC-VN  is  a  small  molecule  it  rapidly 
depolarizes  the  excitation  light.  Upon  binding  to  the  large  integrin,  the  fluorescent  tag  on  VN  tumbles  in 
solution  at  a  slower  rate  resulting  in  increased  levels  of  polarization.  The  measured  FP  value  is  a  weighted 
average  of  FP  values  of  the  bound  and  free  fluorescent  VN  and  is  therefore  a  direct  measure  of  the  fraction 
bound.  Data  generated  in  these  experiments  can  be  analyzed  like  standard  radioligand  binding,  and  kinetics 
of  binding  can  be  determined  as  with  Scatchard  analysis  using  a  non-linear  curve  fit.  From  this  set  of 
experiments  we  determined  the  dissociation  constants  for  FITC-VN  and  Cu-DOTA-FITC-VN  with  integrins 
av(33,  a5(31  and  av(35.  Cu-DOTA-FITC-VN  and  VN  exhibit  nearly  identical  affinities  for  av(33  (9.3nM  and 
7.4nM),  a5pi  (16.7nM  and  15.2nM)  and  avp5  (43.6nM  and  41.2nM),  respectively.  In  the  evaluation  of  the 
dissociation  constants  of  Cu  labeled  VN  for  integrins  avP3,  avP5  and  a5pi  (integrins  that  are  over  expressed 
on  ovarian  cancer  cell  lines)  we  found  that  the  addition  of  the  crosslinker  and  Cu  atom  to  VN  does  not  affect 
the  affinities  for  the  targeted  receptors.  The  results  of  these  studies  support  our  hypothesis  that  the 
promiscuous  nature  of  integrin  binding  by  VN  allows  for  broad  targeting  toward  ovarian  cancer,  and  that 
derivatization  with  Cu-DOTA  will  not  adversely  affect  integrin  binding  by  VN. 

Preferential  tumor  binding  by  a  recombinant  disinteqrin:  In  order  to  determine  if  there  was  preferential 
tumor  binding  by  a  recombinant  disintegrin,  VN  the  recombinant  form  of  the  venom  derived  disintegrin 
contortrostatin,  was  compared  to  a  cyclic  peptide,  cyclo(-RGDfV-),  similar  to  Cilengitide,  which  binds  to 
integrins  avp3  and  avp5,  and  is  currently  in  clinical  trials  for  therapy  of  glioma.  We  evaluated  VN  as  a  PET 
imaging  agent.  This  experiment  was  designed  to  show  tumor  specific  binding  of  VN  utilizing  an  existing  bone 
metastasis  model.  In  this  case,  androgen  dependent  prostate  cancer  cells  were  injected  into  the  tibia  of  nude 
mice  and  were  allowed  to  grow  untreated  for  ~5  weeks  until  the  tumors  were  10-1 4mm  in  diameter.  Animals 
were  then  injected  with  64Cu  labeled  VN  or  64Cu  labeled  peptide  cyclo(-RGDfV),  and  imaged  using  a  Concorde 
Systems  micro-PET  imaging  system.  As  can  be  seen  in  Figure  9,  injected  64Cu-DOTA-VN  localizes  to  the 
tumor  with  much  higher  specificity  and  binding  affinity  than  the  cyclic  RGD  peptide.  This  indicates  that  the 
recombinant  disintegrin,  VN,  binds  to  the  tumor  and  could  serve  as  an  effective  imaging  or  therapeutic  agent. 
While  there  is  a  high  level  of  background  from  the  reticuloendothelial  system  (RES),  this  can  be  overcome 
through  two  methods:  first,  masking  to  observe  only  the  tumor  under  study,  and  second  through  serial  images 
at  longer  time  points  than  we  attempted  in  this  preliminary  study.  With  masking,  the  tumor  being  treated  can 
be  identified  and  the  region  of  interest  evaluated  would  only  be  that  of  the  tumor.  In  allowing  more  time  for  the 
labeled  material  to  be  removed  from  the  body  before  imaging,  the  high  affinity  long-lived  disintegrin  bound  to 
integrins  on  the  tumor  cells  would  remain,  whereas  the  disintegrin  associated  with  the  RES  would  disappear. 

Key  Research  Accomplishments 

•  Successfully  labeled  VN  with  both  radioactive  and  non-radioactive  copper 

•  Evaluated  the  retention  of  biological  activity  of  VN  following  labeling 

•  Determined  the  binding  affinities  of  copper  labeled  VN  for  soluble  integrins  important  in  ovarian  cancer 

•  Performed  comparative  experiments  of  the  potential  for  PET  tumor  imaging  with  copper  labeled  VN  and 
a  cyclic  RGD  peptide 

Conclusion 

LVN  is  a  novel  liposomal  formulation  of  a  disintegrin  engineered  using  standard  recombinant  techniques.  The 
results  from  the  Year  l-lll  studies  clearly  show  that  LVN  prepared  by  a  commercially  viable  technique  retains 
integrin  binding  and  antiangiogenic  activity  equivalent  to  the  laboratory  prepared  material.  In  the  third  year  of 
this  project  we  have  been  successful  in  determining  the  Kd  of  copper  labeled  VN  for  integrins  important  to  OC. 
We  have  shown  that  integrins  can  be  specifically  labeled  in  vivo,  and  finally  we  have  begun  development  of  the 
methods  necessary  for  use  of  VN  as  PET  imaging  agent. 
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(Note:  the  molecule  we  formerly  identified  as  VN  in  this  report  has  been  renamed  VCN  to  distinguish  it 
from  the  common  abbreviation  used  for  vitronectin  (Vn)  and  to  more  correctly  give  credit  to  the  source 
of  the  protein) 

PET  Imaging  of  Early  Ovarian  Tumors:  In  the  evaluation  of  the  ability  to  image  and  successfully  detect 
ovarian  tumors  we  repeated  studies  that  we  had  done  previously.  However,  in  the  present  studies  we  utilized 
an  animal  model  model  employing  the  cell  line  OVCAR-3luc.  This  cell  line  is  stably  transfected  with  the  gene 
for  luciferase.  This  modified  protocol  will  allow  us  to  observe  both  the  tumor  itself  in  a  living  animal,  and  also 
co-register  the  PET  image  with  the  optical  image  and  identify  the  ability  to  detect  tumors  in  the  intraperitoneal 
(IP)  space  of  living  animals.  For  these  experiments  we  injected  2.5x1 05  OVCAR-3luc  cells  IP  and  allowed  the 
tumors  to  age  for  28  days.  At  this  point  with  no  obvious  sign  of  disease  we  imaged  the  tumors  using  the 
optical  imaging  system  to  detect  the  presence  of  luciferase.  Since  luciferase  will  only  be  found  in  the  tumor, 
this  enables  us  to  specifically  image  the  tumor.  Following  these  images  64Cu-DOTA-VCN  (200pCi)  is  injected 
into  the  tail  vein  of  the  study  animals  and  allowed  to  circulate  for  90  minutes.  At  this  time  the  animal  is  placed 
onto  the  mounting  tray  of  the  PET  imaging  instrument  and  introduced  into  the  detector.  As  can  be  seen  in 
Figure  10C  there  is  a  specific  accumulation  of  64Cu-DOTA-VCN  in  an  area  in  the  lower  abdomen  that 
correlates  with  a  location  of  luciferase  activity  as  seen  in  the  optical  image  (Figure  10D).  Both  of  these 
positions  were  confirmed  by  dissection  and  exposure  of  the  tumor  in  the  sacrificed  animal  (Figure  10A&B). 
The  images  shown  are  representative  of  experiments  performed  under  similar  conditions  (number  of  cells, 
amount  of  64Cu-DOTA-VCN  injected).  Experiments  in  which  a  larger  number  of  cells  are  injected  IP  produce 
unusable  images,  as  the  tumors  have  grown  large  and  coat  many  of  the  surfaces  in  the  IP  space  and  yield 
bright  and  indistinguishable  structures  in  the  mouse  abdomen. 

One  problem  of  note  is  the  high  level  of  uptake  by  the  kidneys  at  the  90  minute  time  point.  As  can  be  seen  in 
Figure  11 A  the  kidneys  shield  the  ability  to  view  an  ovarian  tumor  via  a  dorsal  or  ventral  total  slice  view.  When 
viewed  transversely  (Figure  11B)  there  is  clear  separation  between  the  kidneys  and  the  tumor  mass  which 
binds  the  64Cu-DOTA-VCN.  Three  dimensional  reconstruction  yields  a  three  dimensional  model  that  can  be 
rotated  and  rendered  to  observe  the  position  of  the  tumor  in  relationship  to  the  kidneys  in  space.  This  three 
dimensional  model  is  available  in  our  laboratory,  but  we  are  unable  to  append  to  this  progress  report. 

Key  Research  Accomplishments 

•  Successfully  applied  PET  imaging  to  ovarian  cancer  at  a  relatively  small  size  using  64Cu-VCN 

•  Definitively  identified  the  tumor  imaged  with  PET  and  optical  imaging  to  be  the  identified  ovarian  tumor 

•  Identified  a  method  to  separate  tumor  signal  from  other  structures  that  retain  counts  in  the  peritoneal 
cavity. 

Conclusions 

64Cu-DOTA-VCN  proves  to  be  a  useful  imaging  agent  for  detection  of  small  earlier  stage  ovarian  cancer.  If  the 
cancer  is  allowed  to  spread  to  cover  the  peritoneum  the  images  obtained  show  wide  dissemination  of  disease 
and  do  not  allow  for  regional  observation  of  tumors.  Future  studies  will  evaluate  the  usefulness  of  64Cu-DOTA- 
VCN  in  imaging  tumors  post  debulking  to  evaluate  reoccurrence  and  or  success  in  tumor  removal.  As 
illustrated  throughout  this  report  a  number  of  hurdles  needed  to  be  overcome  to  get  to  the  point  we  are 
presently  in  the  development  of  a  novel  integrin  targeted  ovarian  cancer  imaging  agent.  Future  success  will 
build  on  the  developments  and  goals  achieved  through  this  project  sponsored  by  the  CDMRP/DOD  Ovarian 
Cancer  Research  Program.  In  future  research  we  will use  a  targeted,  approach  to  more  specifically  localize  the 
imaging,  agent  to  the  tumor  to  avoid.  binding,  by.  the  kidney.  and.  other  elements  oj  the  RES. 
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Table  1  Properties  of  Homogenized  Liposomes 


Condition 

Size  Distribution 

+/-  StDev 

Filterablity 

Percent  Encapsulation 

Sonicated  LVN 

62nm  +/-  12.3nm 

Good 

74 

Homogenized  LVN  1 

68nm  +/-  21.1nm 

Good 

72 

Homogenized  LVN  2 

83nm  +/-  47.1  nm 

Good 

75 

Homogenized  LVN  3 

225nm  +/-  750nm 

Poor 

Not  Determined 

Homogenized  LVN  4 

68nm  +/-  12.6nm 

Good 

78 

LVN1-4  were  prepared  under  slightly  different  homogenization  conditions 


Table  2  Integrin  Profiles  of  Selected  Ovarian  Cancer  Cell  Lines 


Relative  Intec 

jrin  Surface  Expression 

Ovarian  Cancer  Cell  Lines 

av 

av(B3 

a5p1 

31 

c23l 

OVCAR-3 

+ 

- 

+  +  + 

+  +  + 

+  +  + 

A2780 

++ 

- 

+  + 

+  +  + 

+  +  + 

Reference  Cell  Line 

MDA-MB-435 

+++ 

+  +  + 

+  + 

+  + 

+ 

Table  3  Dissociation  constants  for  interactions  of  VN  and  CN  with  Soluble  Integrins 


Disintegrin 

Integrin  Kd 

avP3 

a5pi 

avP5 

CN 

6.6nM 

191. 3nM 

19.5nM 

VN 

7.4nM 

15.2nM 

41.2nM 

Values  calculated  through  fluorescence  polarization  measurements  following  steady  state  binding 
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Figure  1  Size  distribution  of  LVN  processed  by 
homogenization  at  18,000psi  for  3  minutes.  Samples 
collected  after  1  minute  intervals. 
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Figure  2.  Size  distribution  of  LVN  processed  by 
homogenization  at  10,000psi  and  sampled  at  1  .5 
(sample  1),  2  (sample  2)  and  2.5  (sample  3)  minutes  of 
processing. 
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Figure  3:  Binding  analysis  of  FITC-VN  by  FACS.  HUVEC  OVCAR-3  and  A2780  were  incubated  with  FITC  alone  and 
FITC-VN  The  direct  binding  of  labeled  protein  was  assessed  by  flow  cytometry.  As  shown  in  the  above  representative 
flow-cytometric  plots,  FITC  labeled  VN  binds  avidly  to  both  cell  lines  as  well  as  the  primary  vascular  endothelial  cells. 


OVCAR-3  A2780 

Figure  4:  Inhibition  of  human  ovarian  carcinoma  cells  adhesion  to  extracellular  matrices.  OVCAR-3  and  A2780  cells  were  pre¬ 
incubated  with  various  concentrations  of  VN  (O-IOOOnM)  and  then  allowed  to  adhere  onto  either  purified  human  fibronectin  (blue  bars) 
or  vitronectin  (green  bars).  The  number  of  adherent  cells  for  each  condition  was  quantitated  using  an  MTS-based  assay.  The  adhesion 
of  both  cell  lines  was  inhibited  by  VN  in  a  dose  dependent  manner. 


OVCAR-3  A2780 

Figure  5:  Inhibition  of  tumor  cell  invasion  through  a  reconstituted  basement  membrane.  OVCAR-3  and  A2780  were 
preincubated  with  various  concentrations  of  VN  (O-IOOOnM)  for  10  minutes  before  being  seeded  on  porous  inserts  coated  with 
ECMatrix  and  allowed  to  migrate  against  a  chemoattractant  gradient  for  18hrs.  The  invaded  cells  were  detached,  lysed,  stained  with 
CyQuant,  a  DNA-binding  fluorescent  dye,  and  quantitated  in  a  fluorescent  plate  reader.  The  invasion  of  both  the  OVCAR-3  and 
A2780  was  inhibited  in  a  dose  dependent  manner  by  VN.  The  IC50  in  both  cell  lines  is  <20nM,  comparable  to  that  observed  with 
venom  purified  CN. 
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Figure  6:  Inhibition  of  HUVEC  tube  formation  by  VN  (representative  images  from  multiple 
experiments).  HUVEC  cells  were  plated  on  ‘Endothelial  Cell  Tube  Formation’  plates  (BD  Biosciences)  in 
the  presence  of  various  concentrations  of  VN  (O-IOOOnM),  or  a  known  tube  formation  inhibitor  Suramin 
(used  as  a  positive  control).  Representative  figures  from  independent  experiments  were  shown  above: 
panel  A  -  untreated  control;  panel  B-  IOOuM  suramin;  panel  C  -  InM  VN;  panel  D  -lOnm  VN;  and  panel 
E  lOOOnm  VN.  Cells  were  stained  with  Calcein  AM  and  imaged  using  confocal  microscopy.  VN  is  an 
effective  inhibitor  of  tube  formation. 
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Figure  7:  Quantitation  of  tube  formation  inhibition  by  varying  concentrations  of  VN.  The  tubes  formed 
by  HUVECs  were  quantitated  in  multiple  fields  collected  from  three  repeated  experiments  by  computing  the 
total  tube  length  with  Zeiss  LSM  image  software  and  averaged  to  form  each  data  point.  The  data  shown 
above  was  assembled  from  multiple  independent  experiments. 


Tumor  Bearing 


Control 


Figure  8  FITC  labeled  integrin-binding  peptide  specifically  binds  to  an  orthotopic,  xenograft  ovarian  tumor.  OVCAR-3  cells  were 
implanted  orthotopically  into  the  ovary  following  its  surgical  exposure  in  a  balb/c/nu/nu  mouse.  The  tumor  was  allowed  to  grow 
untreated  for  28  days.  At  this  time  a  disintegrin-like,  FITC-labeled  peptide,  CTRKKHDNAQC  cyclized  through  the  cysteine  side  chains, 
was  delivered  IV  (10  fig).  Thirty  minutes  post  peptide  injection  the  ovary  was  again  surgically  exposed  and  fluorescent  and  optical 
images  of  the  ovary  and  surrounding  tissue,  normal  and  tumor,  were  obtained.  A  high  level  of  fluorescence  is  observed  in  the  tumor 
implanted  ovary  (red  arrows  A),  while  little  fluorescence  is  observed  in  the  tissue  surrounding  the  control  ovary  (red  arrow  B).  The  blue 
line  represents  the  margins  of  the  tumor  (there  is  a  dramatic  difference  in  the  size  of  the  tumor  implanted  ovary  as  compared  to  the 
control  ovary)  and  the  stitched  image  in  the  tumor  sample  enables  the  large  tumor  to  be  visualized  (there  is  a  limited  area  in  the 
photographic  field  oftheXenogen  instrument). 


64Cu  Cyclic  RGD 


64Cu  VCN 


Figure  9:  64Cu-VCN  binds  to  implanted  bone  tumor.  Comparison  of  binding 
efficacy  of  64Cu-labeled  VCN  and  a  cyclic  RGD  peptide  to  an  existing  tumor 
implanted  in  the  tibia  of  a  nude  mouse  (white  arrow  points  to  tumor.  As  can  be 
seen  VCN  binds  with  much  higher  affinity  than  the  RGD  peptide  to  the  existing 
tumor,  following  intravenous  administration  of  the  64Cu-labelled  imaging 
agents.  These  findings  plus  other  results  indicate  that  VCN  can  be  used  as 
both  a  therapeutic  or  a  PET  imaging  agent  for  ovarian  cancer,  and  most  likely 
for  other  solid  tumors  as  well. 


Figure  10:  Dissection,  PET  and  Luciferase  Imaging  of  ovarian  cancer.  Athymic  female  mice  had  2.5  x  105  OVCAR-3luc  cells 
implanted  into  the  intraperitoneal  space  via  direct  injection.  The  cells  stably  express  luciferase.  Panel  A  shows  a  representative  image 
of  a  dissected  mouse;  the  arrow  indicates  the  location  of  the  tumor.  Panel  B  shows  a  close-up  of  the  tumor  (the  tumor  appears  as  the 
white  mass  identified  by  the  arrow).  Panel  C  is  a  PET  image  of  the  tumor  prior  to  sacrifice  of  the  mouse  (200pCi,  lOOpg  VCN  injected). 
This  ventral  slice  shows  64Cu-VCN  bound  to  the  tumor  (identified  by  the  arrow).  Panel  D  is  a  Xenogen  image  of  the  luciferase 
transfected  tumor;  luciferase  is  secreted  from  the  tumor  cells  the  area  of  the  tumor  appears  diffuse  but  correlates  with  both  the  PET 
image  and  the  dissected  animal  (the  tumor  is  on  the  right  side  of  the  upright  animal). 


Figure  11:  The  kidneys  retain  a  large  amount  of  64Cu-VCN.  After  dissection  the  tumor  is  clearly  differentiated  from  the  kidney  using 
alternate  views.  Panel  A:  In  a  straight  dorsal  or  ventral  (shown)  reconstruction  encompassing  all  slices  from  the  PET  image,  the  kidneys 
clearly  accumulate  64Cu-VCN  and  it  is  difficult  to  differentiate  the  tumor  from  the  high  background.  Panel  B:  In  viewing  a  transverse 
section,  the  kidneys  appear  as  a  single  bright  element,  but  the  tumor  is  clearly  distinct  from  the  kidney.  Three  dimensional 
reconstruction  and  rotation  of  this  image  make  it  evident  that  the  ovarian  tumor  is  clearly  and  specifically  binding  64Cu-VCN  (arrows 
points  to  the  tumor  in  both  views). 
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Vicrostatin  (VCN)  is  a  chimeric  recombinant  disintegrin  generated  in  Origami  B  (DE3) 
Escherichia  coli  as  a  genetic  fusion  between  the  C-terminal  tail  of  a  viperid  disintegrin 
echistatin  and  crotalid  disintegrin  contortrostatin  (CN).  The  therapeutic  modulation  of 
multiple  integrin  pathways  via  soluble  disintegrins  was  previously  shown  by  us  and  others 
to  elicit  potent  anti-angiogenic  and  anti-metastatic  effects  in  several  animal  cancer 
models.  Despite  these  favorable  attributes,  these  polypeptides  are  notoriously  difficult  to 
produce  recombinantly  in  significant  quantity  due  to  their  structure  which  requires  the 
correct  pairing  of  multiple  disulfide  bonds  for  biological  activity.  In  this  report,  we  show 
that  VCN  can  be  reliably  produced  in  large  amounts  (yields  in  excess  of  200  mg  of  active 
purified  disintegrin  per  liter  of  bacterial  culture)  in  Origami  B  (DE3),  an  E.  coli  expression 
strain  engineered  to  support  the  folding  of  disulfide-rich  heterologous  proteins  directly  in 
its  oxidative  cytoplasmic  compartment.  VCN  retains  the  integrin  binding  specificity  of  both 
parental  molecules  it  was  derived  from,  but  with  a  different  binding  affinity  profile.  While 
competing  for  the  same  integrin  receptors  that  are  preferentially  upregulated  in  the  tumor 
microenvironment,  VCN  exerts  a  potent  inhibitory  effect  on  endothelial  cell  (EC)  migration 
and  tube  formation  in  a  dose-dependent  manner,  by  forcing  these  cells  to  undergo 
significant  actin  cytoskeleton  reorganization  when  exposed  to  this  agent  in  vitro.  Moreover, 
VCN  has  a  direct  effect  on  breast  cancer  cells  inhibiting  their  in  vitro  motility.  In  an  effort  to 
address  our  main  goal  of  developing  a  clinically  relevant  delivery  method  for  recombinant 
disintegrins,  VCN  was  efficiently  packaged  in  liposomes  (LVCN)  and  evaluated  in  vivo  in  an 
animal  breast  cancer  model.  Our  data  demonstrate  that  LVCN  is  well  tolerated,  its  intra¬ 
venous  administration  inducing  a  significant  delay  in  tumor  growth  and  an  increase  in 
animal  survival,  results  that  can  be  partially  explained  by  potent  tumor  apoptotic  effects. 
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1.  Introduction 

The  ability  of  transformed  cells  to  evade  the  restrictive 
environmental  control  exerted  by  the  normal  tissue  archi¬ 
tecture  and  grow  in  an  anchorage-independent  fashion  is 
one  of  cancer’s  hallmarks  (Hanahan  and  Weinberg,  2000). 
One  class  of  cell  surface  receptors  known  to  play  a  critical 
role  in  the  process  leading  to  the  acquisition  of  an 
anchorage-independent  phenotype  is  represented  by  the 
integrins  (Hood  and  Cheresh,  2002). 

Integrins  are  heterodimeric  receptors  that  evolved  to 
mediate  the  complex  cell-ECM  interactions  that  regulate 
the  ability  of  cells  to  mechanically  sense  their  microenvi¬ 
ronment.  In  the  ecology  of  multicellular  organisms,  integ¬ 
rins  are  major  contributors  to  the  homeostasis  of  tissue 
architecture  by  keeping  epithelial  cells  in  a  differentiated, 
specialized  state  (Bissell  et  al.,  2003).  Conversely,  as 
epithelia  transition  to  malignancy  they  evade  the  micro¬ 
environmental  constraints  by  both  altering  their  integrin 
affinity  and  avidity  for  ECM  proteins  (inside-out  signaling) 
and/or  shifting  their  integrin  expression  (Hood  and 
Cheresh,  2002;  Mizejewski,  1999).  The  precise  roles, 
however,  played  by  different  integrin  subunits  in  various 
aspects  of  tumor  progression  and  why  some  integrins 
appear  to  be  especially  supportive  of  tumor  progression 
(Desgrosellier  et  al.,  2009)  are  still  poorly  understood. 
Despite  these  limitations,  due  to  their  pivotal  roles  in  cancer 
biology,  integrins  represent  attractive  therapeutic  targets. 
For  instance,  although  it  doesn’t  seem  to  be  essential  for  the 
formation  of  vasculature  during  development  (Reynolds 
et  al.,  2002),  nor  during  physiological  angiogenesis  associ¬ 
ated  with  wound  healing  or  tissue  repair  (Hamano  et  al., 
2003;  Serini  et  al.,  2006),  the  (33  integrin  appears  to  be 
critically  involved  in  the  regulation  of  pathological  angio¬ 
genesis  (Mahabeleshwar  et  al.,  2008).  Similarly,  av(35  and 
a5(31  as  well  as  a  number  of  other  integrins  (notably  a2(31, 
a4(31,  and  a6(34)  have  also  been  shown  to  play  important 
roles  in  tumor  angiogenesis  (Serini  et  al.,  2006;  Silva  et  al., 
2008).  These  observations  prompted  the  exploration  of 
pharmacological  blockade  of  integrins  which  was  eventu¬ 
ally  demonstrated  to  significantly  reduce  tumor  angiogen¬ 
esis  in  numerous  cancer  models  and  led  to  the  development 
of  several  drug  candidates  that  are  currently  in  clinical  trials 
(Folkman,  2007;  Nemeth  et  al.,  2007). 

Disintegrins  are  among  the  most  potent  soluble  ligands 
of  integrins  representing  a  class  of  cysteine-rich  poly¬ 
peptides  historically  isolated  from  the  venoms  of  snakes 
belonging  to  the  Viperidae  family  (Gould  et  al.,  1990).  These 
natural  polypeptides  (4-16  kDa),  first  discovered  in  1983 
(Ouyang  and  Huang,  1983)  and  named  in  1990  (Gould  et  al., 
1990),  hold  a  significant  translational  potential  as  anti¬ 
cancer  agents  based  on  their  anti-angiogenic  and  anti¬ 
metastatic  effects  demonstrated  in  various  experimental 
settings  (Huang  et  al.,  2001;  McLane  et  al.,  2008;  Swenson 
et  al.,  2004).  In  the  time  that  has  passed  since  the  first  dis- 
integrin  was  identified  almost  three  decades  ago  (Ouyang 
and  Huang,  1983),  over  100  additional  disintegrins  have 
been  named  and  studied  (McLane  et  al.,  2008).  Despite  their 
enormous  therapeutic  potential,  to  the  best  of  our  knowl¬ 
edge  none  of  these  natural  products  or  their  recombinant 
variants  has  made  it  yet  into  human  clinical  trials. 


Nonetheless,  many  of  these  natural  polypeptides  continue 
to  be  intensely  investigated  preclinically  in  various  animal 
models  of  human  disease  while  they  are  evaluated  for 
imagistic  and  therapeutic  applications  for  pathologies  as 
diverse  as  cancer,  cardiovascular  thrombotic  events,  chronic 
inflammation,  asthma,  osteopenia  etc.  (McLane  et  al.,  2008). 
From  earlier  attempts  to  investigate  the  anti-thrombotic 
applications  of  disintegrins,  such  as  echistatin  (Shebuski 
et  al.,  1990)  and  kistrin  (Barker  et  al.,  1992;  Gold  et  al., 
1991 ),  most  subsequent  preclinical  efforts  have  focused  on 
the  anti-angiogenic  and  anti-metastatic  properties  of  these 
compounds  for  anti-cancer  applications  (Kang  et  al.,  2000; 
Kim  et  al.,  2003;  Marcinkiewicz  et  al.,  2003;  Ramos  et  al., 
2008;  Swenson  et  al.,  2004).  Another  promising  clinical 
application  of  disintegrins  is  represented  by  the  tumor 
imagistic  potential  of  these  integrin-targeted  molecules.  To 
explore  this  particular  application  of  disintegrins,  McQuade 
et  al.  investigated  the  tumor  specificity  of  radiolabeled 
bitistatin  (which  binds  to  (33  integrins)  in  a  breast  carcinoma 
animal  model  (McQuade  et  al.,  2004).  In  this  model,  bitis¬ 
tatin  was  radiolabeled  with  either  125I  or  a  beta-emitting 
radionuclide,  64Cu,  which  is  an  effective  positron  emission 
tomography  (PET)  tracer.  Although  preliminary,  the  results 
from  this  imagistic  study  showed  that  the  tumor  specificity 
of  radiolabeled  bitistatin  was  similar  or  better  to  that  of 
much  smaller  RGD-containing  peptides  and  the  fact  that 
radiolabeled  bitistatin  accumulated  in  tumors  that  do  not 
themselves  express  the  (33  integrin. 

The  integrin-binding  activity  of  disintegrins  depends  on 
the  appropriate  pairing  of  several  cysteine  residues 
responsible  for  the  disintegrin  fold,  a  mobile  11 -amino  acid 
loop  protruding  from  the  polypeptide  core  displaying  a  tri¬ 
peptide  recognition  motif,  usually  RGD  (Arg-Gly-Asp),  that 
is  conserved  in  many  disintegrins  (Moiseeva  et  al.,  2008; 
Saudek  et  al.,  1991).  Although  these  molecules  naturally 
evolved  to  efficiently  bind  to  the  activated  platelet-specific 
integrin  allb(33,  thus  disrupting  the  process  of  platelet 
aggregation  (the  final  step  in  blood  clotting),  most  purified 
snake  venom  disintegrins  are  rather  promiscuous  in  that 
they  bind  to  several  (31,  (33  or  (35  integrin  members,  albeit 
with  different  affinities  and  selectivity  (McLane  et  al.,  1998). 
Two  of  the  most  studied  native  disintegrins  are  the  homo¬ 
dimer  contortrostatin  (CN)  (Trikha  et  al.,  1994b)  and  the 
monomer  echistatin  (McLane  et  al.,  2008).  Similar  to 
echistatin,  the  anti-tumor  activity  of  CN  is  based  on  its  high 
affinity  interaction  with  integrins  av(33,  av(35,  and  a5(31  on 
both  cancer  and  angiogenic  endothelial  cells  (Trikha  et  al., 
1994a;  Zhou  et  al.,  1999,  2000).  We  have  previously 
shown  (Swenson  et  al.,  2004)  that  a  liposomal  formulation 
of  CN  can  delay  tumor  growth  by  significantly  reducing  the 
microvascular  density  in  an  orthotopic  animal  cancer 
model.  We  provided  evidence  that  disintegrins  can  be  safely 
and  effectively  administered  intravenously  by  a  clinically 
acceptable  delivery  method  (i.e.,  liposomal  delivery),  and 
that  they  passively  accumulate  at  the  tumor  site.  Further¬ 
more,  when  packaged  in  liposomes,  disintegrins  did  not 
interact  with  the  components  of  blood  coagulation  system 
(platelets)  nor  elicit  a  neutralizing  immune  response.  Here, 
we  provide  further  evidence  that  a  chimeric  disintegrin, 
vicrostatin  (VCN)  can  be  efficiently  made  recombinantly  in 
Origami  B  (DE3)  Escherichia  coli .  VCN  retains  the  integrin 
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specificity  of  CN  but  it  engages  these  receptors  with 
a  unique  binding  affinity.  Unlike  cyclic  RGD  peptides,  VCN 
appears  to  inappropriately  elicit  a  cascade  of  signaling 
events  rapidly  leading  to  actin  stress  fibers  disassembly  in 
HUVEC  plated  on  complete  Matrigel,  an  effect  that  may 
explain  the  in  vitro  anti-migratory  effects  of  VCN  against 
endothelial  and  cancer  cells.  Finally,  we  demonstrate  here 
that  liposomal  formulations  of  VCN  are  efficacious  in  vivo , 
exerting  a  potent  tumor  apoptotic  effect  in  a  breast  carci¬ 
noma  animal  model  and  significantly  prolonging  the 
survival  of  these  animals. 

2.  Materials  and  methods 

2.2.  Controtrostatin  purification 

Venom  of  Agkistrodon  contortrix  contortrix  was 
purchased  from  Miami  Serpentarium  (Punta  Gorda,  FL)  and 
CN  was  purified  as  previously  described  (Trikha  et  al., 
1994b). 

2.2.  Cells  and  reagents 

The  MDA-MB-435  cells  were  obtained  from  Dr.  Janet  Price 
(MD  Anderson  Cancer  Center,  Houston,  TX)  and  the  MDA- 
MB-231  cells  from  Dr.  Toshiyuki  Yoneda  (Osaka  University, 
Osaka,  Japan).  HUVEC  were  purchased  from  PromoCell 
(Heidelberg,  Germany)  and  maintained  according  to  the 
manufacturer’s  protocol.  The  Origami  B  (DE3)  E.  coli  strain 
and  pET32a  expression  vector  carrying  the  bacterial  thio- 
redoxin  A  gene  (trxA)  were  purchased  from  Novagen  (San 
Diego,  CA).  The  oligonucleotide  primers  used  for  rCN  and  VCN 
cloning  were  synthesized  by  Operon  Biotechnologies,  Inc. 
(Huntsville,  AL).  The  ‘Endothelial  Cell  Tube  Formation’  plates 
were  purchased  from  BD  Biosciences  (San  Jose,  CA).  The  tube 
formation  inhibitor  Suramin,  the  actin  modifier  Cytochalasin 
D,  and  the  cyclo(Arg-Gly-Asp-DPhe-Val)  peptide  were 
purchased  from  Calbiochem  (San  Diego,  CA).  The  complete 
Matrigel  was  from  BD  Biosciences  (Bedford,  MA).  The 
recombinant  TEV  protease,  Calcein  AM,  and  Rhodamine- 
Phalloidin  were  purchased  from  Invitrogen  (Carlsbad,  CA).  A 
column-based  FITC-labeling  kit  (EZ- Label)  and  an  endotoxin 
removal  kit  were  purchased  from  Pierce  (Rockford,  IL).  The 
DeadEnd™  Fluorometric  TUNEL  assay  kit  was  from  Pro  mega 
(Madison,  WI).  The  mouse  (33  integrin  7E3  antibody  was  a  gift 
from  Dr.  Marian  Nakata  (Centocor,  Horsham,  PA).  Purified 
soluble  av(33  and  av(35  integrins  were  purchased  from  Milli- 
pore  and  soluble  recombinant  a5(31  integrin  from  R&D 
Systems  (Minneapolis,  MN).  All  other  reagents  were 
purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Avastin 
(bevacizumab)  was  a  gift  from  Dr.  Agustin  Garcia  (Norris 
Comprehensive  Cancer  Center,  University  of  Southern 
California). 

2.3.  Construction  of  rCN  and  VCN  expression  vectors  and 
recombinant  production 

rCN  and  VCN  were  cloned  into  pET32a  vector  down¬ 
stream  of  TrxA  using  a  Bglll/Ncol  set  of  restriction  enzymes. 
The  forward  primers  for  both  rCN  and  VCN  introduced 
a  unique  TEV  protease  cleavage  site,  which  made  possible 


the  removal  of  thioredoxin  during  purification.  To  build  the 
VCN  construct,  the  nucleotides  encoding  the  C-terminal  tail 
of  echistatin  were  added  to  CN  via  an  elongated  reverse 
primer.  The  primers  used  for  rCN  were:  forward— 5'gttcca- 
gatctcgagaatctttacttccaaggagacgctcctgcaaatccgtgctgcga3', 
and  reverse— 5'gttattcgccatggcttaggcatggaagggatttctggga- 
cagccagcaga3'.  The  primers  used  for  VCN  were:  forward— 
5'gttccagatctcgagaatctttacttccaaggagacgctcctgcaaatccgtgc- 
tgcga3',  and  reverse— 5'gttattcgccatggcttaagtagctggaccctt- 
gtggggatttctgggacagccagcagatatgcc3'.  The  bacterial  trans¬ 
formants  were  grown  and  induced  as  previously  described 
(Minea  et  al.,  2005)  then  lysed  in  a  microfluidizer  (Micro¬ 
fluidics  M-110  L,  Microfluidics,  Newton,  MA).  The  operating 
conditions  of  the  microfluidizer  included  applied  pressures 
of  14,000-18,000  psi,  bacterial  slurry  flow  rates  of  300- 
400  ml  per  minute  and  multiple  passes  of  the  slurry  through 
the  processor.  The  lysate  insoluble  cellular  debris  was 
removed  by  centrifugation  (40,000  x  g)  and  the  soluble 
material  containing  either  Trx-rCN  or  Trx-VCN  collected. 
The  expressed  fusion  proteins  in  the  collected  soluble 
lysates  were  then  proteolysed  by  incubation  with  recombi¬ 
nant  TEV  protease  overnight  at  room  temperature.  When 
proteolysis  was  complete,  the  proteolyzed  lysates  were 
passed  through  a  0.22  pm  filter,  diluted  1:100  in  ddH20, 
ultrafiltrated  through  a  50,000  MWCO  cartridge  (Biomax50, 
Millipore)  and  then  reconcentrated  against  a  5000  MWCO 
cartridge  (Biomax5,  Millipore)  using  a  tangential  flow 
ultrafiltration  device  (Labscale  TFF  system,  Millipore). 

2.4.  Purification  of  recombinant  disintegrins 

Purification  was  accomplished  by  C-18  reverse  phase 
HPLC  using  the  standard  elution  conditions  previously 
employed  for  the  purification  of  native  CN  (Trikha  et  al., 
1994b).  The  filtrated  lysates  processed  as  described  above 
were  loaded  onto  a  Vydac  C-18  column  (218TP54,  Teme¬ 
cula,  CA).  A  10-min  rinse  (at  5  ml/min)  of  the  column  with 
an  aqueous  solution  containing  0.1%TFA  was  followed  by 
a  linear  gradient  (0-100%)  elution  over  150  min  in  a  mobile 
phase  containing  80%  acetonitrile  and  0.1%TFA.  rCN  starts 
eluting  in  30%  acetonitrile,  while  VCN  elutes  in  35% 
acetonitrile. 

2.5.  Inhibition  of  platelet  aggregation 

The  inhibition  of  ADP-induced  platelet  aggregation  by 
recombinant  disintegrins  was  determined  by  measuring 
the  light  absorption  of  human  platelet-rich  plasma  (PRP)  in 
a  specialized  spectrophotometer  (Chrono-log  490  optical 
aggregometer,  Chrono-log,  Havertown,  PA)  as  previously 
described  (Swenson  et  al.,  2004).  The  FITC-labeled  dis¬ 
integrins  (FITC-CN  and  FITC-VCN)  and  the  liposomal 
formulations  of  VCN  (LVCN)  were  also  tested  for  activity 
against  platelets. 

2.6.  Mass  spectrometry  (MS)  analysis  and  sequencing  by 
tryptic  digestion 

The  MS  analysis  (MALDI-TOF  and  ESI)  was  initially  done 
by  Dr.  Kym  Faull  (University  of  California  at  Los  Angeles) 
and  the  subsequent  sequencing  by  Dr.  Ebrahim  Zandi  (Keck 
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School  of  Medicine,  University  of  Southern  California).  For 
sequencing,  the  purified  recombinant  disintegrin  was 
reduced,  alkylated  and  digested  with  trypsin  at  37  °C 
overnight.  The  resultant  digestion  peptides  were  then  used 
in  the  tandem  LC/MS/MS  for  sequence  analysis.  The  LC 
consists  of  a  reverse  phase  C-18  column  through  which 
peptides  were  eluted  into  the  mass  spectrometer  using  the 
following  gradients:  5-60%  acetonitrile  +  0.1%  formic  acid 
over  75  min  and  50-90%  acetonitrile  +  0.1%  formic  acid 
over  10  min.  Tandem  MS/MS  spectra  was  acquired  with 
Xcalibur  software  on  a  linear  ion  trap  LTQ,  instrument.  Data 
was  analyzed  using  Bioworks,  the  SEQUEST  algorithm  and 
Sage-N  Sorcerer  to  determine  cross-correlation  scores 
between  acquired  spectra  and  NCBI  protein  FASTA  data¬ 
bases  or  any  other  databases  as  needed. 

2.7.  Cell  surface  binding  studies  by  flow  cytometry 

HUVEC,  MDA-MB-231  or  MDA-MB-435  cells  were 
grown  to  early  confluency  and  starved  overnight  in  serum- 
free  media.  The  cells  were  harvested  and  resuspended  in 
1  ml  of  serum-free  media  (5  x  105  cells/condition)  before 
being  incubated  with  different  treatments  or  controls  for 
30  min  at  37  °C.  At  the  end  of  the  incubation  period,  the 
cells  were  pelleted,  washed  in  ice-cold  PBS  containing  5% 
fetal  bovine  serum  and  analyzed  in  a  FACSCalibur  scanner. 
All  cells  were  counterstained  with  propidium  iodide  to 
allow  gating  of  necrotic  cells. 

2.8.  tntegrin  binding  kinetics  by  fluorescence  polarization  (FP) 

Differing  concentrations  of  purified  soluble  functional 
integrins  (i.e.,  av(33,  av(35  or  a5(31)  were  incubated  with 
a  constant  amount  of  FITC-labeled  VCN  or  CN  using  an 
established  protocol  (Park  and  Raines,  2004).  Upon  binding 
to  the  much  larger  integrin,  the  fluorescent  tag  on  either 
disintegrin  tumbles  in  solution  at  a  slower  rate  compared 
to  the  unbound  state  resulting  in  increased  levels  of 
polarization.  The  measured  FP  value  is  a  weighted  average 
of  FP  values  of  the  bound  and  free  fluorescent  disintegrins 
and  is  therefore  a  direct  measure  of  the  bound  fraction.  The 
data  were  analyzed  as  for  standard  radioligand  binding, 
and  kinetics  of  binding  determined  using  Scatchard  anal¬ 
ysis  and  a  non-linear  curve  fit.  The  data  were  generated  in 
a  PTI  QuantaMaster  QM-4SE  spectrofluoro meter  (Photon 
Technology  International,  Birmingham,  NJ)  using  the  PTI 
FeliX32  software  for  data  acquisition  and  Prism  v3.02 
(GraphPad  Software,  La  Jolla,  CA)  for  data  analysis. 

2.9.  Cell  viability  studies 

HUVEC,  MDA-MB-231  or  MDA-MB-435  cells  were 
plated  in  complete  media  on  either  plastic  or  Matrigel- 
coated  24-well  plates  (5  x  104  cells/well)  and  allowed  to 
adhere.  Native  CN  or  VCN  were  added  to  the  wells  at 
concentrations  ranging  from  1  to  1000  nM.  Cells  receiving 
no  treatment  or  Actinomycin  D  were  used  as  controls.  The 
number  of  viable  cells  for  each  condition  was  quantified 
colorimetrically  after  24  h  of  incubation  using  the  Cell  Titer 
96  AQueous  cell  viability  kit  (Promega,  Madison,  WI) 


according  to  the  manufacturer’s  protocol.  The  cell  viability 
was  further  confirmed  by  TUNEL  staining. 

2 AO.  Inhibition  of  cell  migration  (the  colloidal  gold  migration 
assay) 

The  ability  of  disintegrins  to  interfere  with  HUVEC, 
MDA-MB-231  or  MDA-MB-435  cell  migration  was  assessed 
on  glass  coverslips  homogenously  covered  with  a  fine  layer 
of  colloidal  gold  salt.  This  assay  represents  a  modified  form 
of  a  previously  described  cellular  migration  assay 
(Albrecht-Buehler,  1977;  Bowersox  and  Sorgente,  1982; 
Zetter,  1980).  The  cell  migration  generates  particle-free 
tracks  (‘phagokinetic  tracks’)  on  a  densely  particle-coated 
migratory  substrate  that  can  act  as  a  permanent  record  of 
cellular  movement.  The  gold  chloride  solution  was 
prepared  using  0.342  g  Hydrogen  Tetrachloroaurate(III) 
(Sigma-Aldrich)  dissolved  in  50  ml  dH20.  Clean  round  glass 
coverslips  2.2  cm  diameter  (VWR  International)  were 
grasped  with  forceps  from  the  edge  and  repeatedly  dipped 
into  a  1%  BSA  solution  over  a  period  of  several  minutes.  The 
BSA  slowly  adhered  to  the  glass  and  this  process  allowed 
for  a  better  and  more  uniform  gold  coating.  Excess  BSA  was 
allowed  to  drain  off  the  coverslips  at  an  angle  after  which 
the  slips  were  dipped  once  in  100%  ethanol.  The  coverslips 
were  then  rapidly  dried  with  a  hand  held  hair  dryer  at 
medium  settings  and  then  placed  into  the  wells  of  a  12-well 
cell  culture  plate  (VWR  International)  for  further  coating 
with  gold  salt  as  previously  described  (Bowersox  and 
Sorgente,  1982;  Zetter,  1980).  Microscopic  visual  inspec¬ 
tion  of  the  wells  was  then  performed  under  100- 
200  x  magnification  (Olympus  CK2  inverted  phase  contrast 
microscope,  or  Zeiss  Axioplan-2  optical  microscope).  A 
uniform  orange  brown  speckled  appearance  on  a  black 
background  covering  the  surface  of  the  slides  was  indica¬ 
tive  of  a  successful  preparation.  The  prepared  gold  cover- 
slips  were  further  covered  with  a  layer  of  complete 
Matrigel  (overnight  at  37°  C).  Early  passages  of  serum- 
starved  HUVEC,  MDA-MB-231  or  MDA-MB-435  cells  were 
then  seeded  on  these  coverslips  (approximately  3000cells / 
well)  in  the  presence  of  various  treatments  and  allowed  to 
migrate  at  37  °C  in  the  presence  of  5%C02  for  up  to  48  h 
depending  on  the  cell  line,  after  which  the  cells  were  fixed 
in  4%  formaldehyde  and  further  imaged.  The  quantification 
of  cellular  migration  was  done  by  computer-assisted  image 
analysis  in  which  each  pixel  corresponding  to  the  ‘phag¬ 
okinetic  tracks’  was  counted  digitally  using  the  ‘SimplePCI’ 
imaging  software  (C-Imaging  Systems,  Cranberry  Town¬ 
ship,  PA).  The  pixels  were  counted  in  25  randomly  selected 
microscopic  fields  captured  at  x200  magnification  for  each 
treatment  condition  and  plotted  against  the  controls. 

2.11.  Inhibition  of  HUVEC  tube  formation 

‘Endothelial  Tube  Formation’  plates  precoated  with 
Matrigel  were  used  according  to  the  manufacturer’s 
protocol.  HUVEC  were  seeded  in  triplicate  (3  x  104  cells/ 
well)  in  the  presence  of  various  concentrations  of  either 
native  CN  or  VCN  and  incubated  for  16  h  at  37  °C  in  the 
presence  of  5%C02.  The  tube  formation  inhibitor  Suramin 
was  used  as  a  positive  control.  At  the  end  of  incubation 
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period,  cells  were  stained  with  Calcein  AM  and  imaged  by 
confocal  microscopy  (LSM  510  Confocal/Titanium  Sapphire 
Laser).  The  total  length  of  tubes  for  each  condition  was 
quantitated  in  multiple  fields  using  the  Zeiss  LSM  Image 
Browser  (Carl  Zeiss  Microimaging  GmbH,  Munich, 
Germany)  and  averaged  from  at  least  three  independent 
experiments. 

2.22.  Disruption  ofactin  cytoskeleton  organization 

HUVEC  grown  in  complete  media  were  seeded  in  trip¬ 
licate  in  8-well  chamber  slides  coated  with  complete 
Matrigel  (4  x  104  cells/well)  before  being  incubated  with 
various  treatments  for  3  h  at  37  °C  in  the  presence  of  5%C02. 
The  actin  modifier  Cytochalasin  D  (CytoD)  was  used  as 
a  positive  control.  At  the  end  of  the  incubation  period,  the 
cells  were  washed,  fixed  in  4%  formaldehyde,  per- 
meabilized  in  0.1%  Triton  X-100  in  PBS,  and  then  stained 
with  Rhodamine-Phalloidin  and  counterstained  with 
Hoechst  33342  before  being  imaged  by  confocal  micros¬ 
copy  (LSM  510  Confocal/Titanium  Sapphire  Laser). 

2.23.  Liposomal  encapsulation  ofVCN 

This  procedure  was  carried  out  as  previously  described 
(Minea  et  al.,  2005)  by  Molecular  Express,  Inc  (Los  Angeles, 
CA)  a  company  specializing  in  liposomal  encapsulation  of 
therapeutic  proteins  and  other  drugs.  Liposomal  VCN 
(LVCN)  particles  were  generated  by  either  probe  sonication 
at  10%  power  for  3-5  min  in  a  Branson  Probe  Sonifier  or 
homogenized  in  a  microfluidizer  (M-110  L;  Microfluidics, 
Newton,  MA).  The  homogenized  material  was  processed 
between  10,000  and  18,000  psi  while  maintaining  an 
elevated  temperature  (45-65  °C).  Samples  from  each  batch 
were  taken  during  the  process  and  the  size  distribution  of 
LVCN  was  determined  with  an  Ultrafine  Particle  Analyzer 
(UPA150;  Microtrac,  North  Largo,  FL).  After  processing,  the 
unencapsulated  VCN  in  each  batch  was  removed  by  ultra¬ 
filtration  using  an  Amicon  UF  membrane  of  100,000  MWCO 
and  the  LVCN  was  further  sterilized  by  filtration  through 
a  0.2  pM  PVDF  filter. 

2.24.  In  vivo  efficacy  studies 

MDA-MB-231  cells  (2.5  x  106  per  inoculum)  were  har¬ 
vested  and  resuspended  in  complete  Matrigel  before  being 
inoculated  into  the  mammary  fat  pads  of  nude  mice  as 
previously  described  (Swenson  et  al.,  2004).  The  tumors 
were  allowed  to  grow  for  2  weeks  or  until  they  became 
palpable  before  treatment  was  initiated.  VCN  was  admin¬ 
istered  either  encapsulated  in  different  liposomal  formu¬ 
lations  (at  the  dose-equivalent  of  100  jig  of  VCN  per 
injection)  or  non-encapsulated,  as  an  aqueous  solution 
(100  jig  VCN).  All  VCN  administrations  were  made  intra¬ 
venously  (via  tail  vein)  twice  a  week  for  the  duration  of 
each  study.  Avastin  was  administered  intravenously  (via 
tail  vein)  at  the  dose  of  400  pg  per  injection  (approx.  20  pg/ 
gr)  once  a  week  for  the  duration  of  the  study.  Tumor 
diameters  were  measured  weekly  with  a  caliper  in  a  blind 
fashion  and  the  tumor  volumes  calculated  using  the 
formula  [length  (mm)  x  width  (mm)2]/2,  where  the  width 


5 

and  the  length  were  the  shortest  and  longest  diameters, 
respectively  (Osborne  et  al.,  1985).  The  average  tumor 
volume  for  each  study  group  was  plotted  as  a  function  of 
time  and  type  of  treatment  during  the  entire  course  of  each 
study.  The  animals  were  handled  and  euthanized  under  the 
strict  guidelines  of  the  Institutional  Animal  Care  and  Use 
Committee  (IACUC)  of  the  University  of  Southern 
California. 

2.25.  TUNEL  staining  of  tumor  sections 

For  tumor  apoptosis,  the  DeadEnd™  Fluorometric 
TUNEL  assay  kit  (Promega,  Madison,  WI)  was  used 
according  to  the  manufacturer’s  protocol.  After  TUNEL 
staining,  the  cell  nuclei  were  counterstained  with  Hoechst 
33342.  The  nuclei  from  apoptosis  ‘hotspot’  areas  were 
digitally  counted  (object  counting)  using  the  SimplePCI 
imaging  software  on  random  images  (at  least  10  images  per 
tumor  from  multiple  tumors  per  group)  captured  at  x250. 
The  %  of  cell  death  was  plotted  using  the  formula  ‘number 
of  TUNEL+  nuclei/total  number  of  nuclei  xl00’  for  each 
treatment  group. 

2.26.  Statistical  analysis 

Statistical  significance  was  analyzed  in  Prism  v.3.2 
(GraphPad  Software,  La  Jolla,  CA)  by  unpaired  t- test  fol¬ 
lowed  by  F-test  to  compare  variances.  The  tumor  volume 
distribution  and  immunohistochemistry  data  were 
assessed  by  analysis  of  variance  (ANOVA)  with  a  significant 
overall  F-test  followed  by  Dunnett’s  multiple  comparison 
tests  of  treatment  groups  relative  to  control.  Two-tailed 
P  <  0.05  were  considered  significant. 

3.  Results 

3.2.  Recombinant  production  of  VCN 

3.2.2.  Bacterial  expression 

The  expression  of  recombinant  disintegrins  was  in 
Origami  B  (DE3),  a  strain  uniquely  designed  to  address  the 
shortcomings  of  disulfide-rich  recombinant  protein 
production  in  wild-type  E.  coli  (LaVallie  et  al.,  1993).  The 
pET32a  expression  vector  and  the  T7  system  are  designed 
for  robust  expression  of  heterologous  proteins  fused  to  the 
109  amino  acid  bacterial  thioredoxin  A  (TrxA)  in  DE3 
lysogens.  In  wild-type  E.  colit  TrxA  normally  functions  as 
a  major  cytoplasmic  reductase  under  tight  regulatory 
control.  However,  in  the  Origami  strain,  the  oxidative  redox 
state  perpetuated  by  defective  thioredoxin  reductase 
(TrxB)  and  glutathione  reductase  (Gor)  enzymes  ‘tricks’  this 
bacterium  into  producing  compensatory  higher  amounts  of 
TrxA  reductase  in  an  attempt  to  restore  the  wild-type  redox 
equilibrium  which  in  turn  drives  the  robust  expression  of 
any  recombinant  protein  genetically  fused  to  TrxA.  Another 
advantage  of  expressing  heterologous  proteins  fused  to 
TrxA  is  the  high  solubility  of  this  bacterial  protein,  the 
result  of  which  is  that  TrxA  internally  chaperones  the 
recombinant  protein  fused  to  it  thus  keeping  it  in  solution 
and  allowing  for  higher  levels  of  foreign  protein  accumu¬ 
lation  in  the  cytoplasm  (LaVallie  et  al.,  1993). 
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To  explore  the  recombinant  production  of  disintegrins 
in  Origami  B  (DE3),  we  generated  a  construct  based  on  the 
native  sequence  of  CN  (referred  to  as  rCN)  and  a  chimeric 
construct,  previously  designated  as  rCN+  (Minea  et  al., 
2005),  but  now  referred  to  as  vicrostatin  (VCN).  The  VCN 
construct  was  designed  by  replacing  the  C-terminal  tail  of 
native  CN  with  the  tail  of  another  native  disintegrin, 
echistatin  (also  known  as  echistatin  alpha),  a  short-length 
viperid  disintegrin  (Fig.  1 ).  The  rationale  for  the  VCN  design 
was  based  on  the  finding  that  the  C-termini  of  snake  venom 
disintegrins  are  important  structural  elements  essential  for 
full  disintegrin  activity.  For  instance,  the  co-crystallization 
of  monomeric  disintegrin  trimestatin  with  integrin  av(33 
demonstrates  that  the  C-terminus  of  this  disintegrin  also 
engages  the  receptor,  but  in  a  different  region  than  its 
disintegrin  loop  (Fujii  et  al.,  2003).  In  addition,  a  previous 
report  (Wierzbicka-Patynowski  et  al.,  1999)  had  demon¬ 
strated  that  the  swapping  of  C-terminal  tails  between  two 
native  disintegrins  may  actually  lead  to  the  generation  of 
novel  chimeric  molecules  capable  of  recognizing  specific 
integrins  with  altered  binding  affinities. 

By  employing  the  recombinant  system  described  above, 
two  fusion  proteins  (Trx-rCN  and  Trx-VCN)  were  success¬ 
fully  expressed  in  the  cytoplasm  of  Origami  B  (DE3)  (Fig.  2). 
Although  the  expression  of  Trx-VCN  was  robust  in  Origami 
B  (DE3),  by  growing  these  transformants  in  modified  media 
we  have  been  able  to  boost  the  recombinant  production 
level  of  VCN  by  at  least  one  order  of  magnitude  to  a  final 
expression  yield  of  approximately  200  mg  of  active  purified 
disintegrin  per  liter  of  bacterial  culture. 

A  unique  tobacco  etch  virus  (TEV)  protease  cleavage  site 
was  engineered  upstream  of  both  disintegrin  constructs  in 
order  to  facilitate  their  subsequent  cleavage  from  TrxA.  TEV 
is  a  highly  selective  protease  that  recognizes  with  very  high 
specificity  the  canonical  Glu-Asn-Leu-Tyr-Phe-Gln-Gly 
amino  acid  sequence  (Carrington  and  Dougherty,  1988) 
therefore  leaving  the  target  recombinant  proteins  intact. 
This  high  specificity  makes  TEV  an  ideal  molecular  tool  for 
processing  recombinant  proteins  expressed  as  fusions.  The 
released  recombinant  disintegrins  were  further  processed 


and  purified  by  reverse  phase  HPLC  using  a  protocol  orig¬ 
inally  designed  for  native  disintegrins  (see  Materials  and 
Methods). 

3.2.2.  Initial  evaluation  of  recombinant  disintegrin  activity 
The  two  purified  recombinant  molecules  were  initially 

tested  for  activity  against  platelets.  Presumably,  a  main 
function  of  snake  venom  disintegrins  in  nature  is  to  bind 
with  very  high  affinity  to  the  activated  platelet  integrin 
allb(33,  thus  efficiently  inhibiting  (McLane  et  al.,  2008)  the 
last  step  in  blood  clotting,  the  aggregation  of  platelets, 
a  process  mediated  by  platelet  integrin  allb(33.  However,  of 
the  two  constructs  expressed  recombinantly,  only  chimeric 
VCN  retained  full  activity  against  activated  allb(33  integrin 
(with  an  IC50  very  similar  to  native  CN),  whereas  the  rCN 
construct  showed  no  activity  in  the  nanomolar  range 
characteristic  of  snake  venom  disintegrins  (Fig.  2).  Appar¬ 
ently,  the  latter  construct,  although  soluble,  had  failed  to 
fold  correctly  in  the  region  where  the  binding  site  of  the 
molecule  resides  (i.e.,  the  11 -amino  acid  disintegrin  loop), 
whereas  the  C-terminal  graft  in  VCN  appeared  to  play  an 
unexpected  beneficial  role.  It  is  noteworthy  that,  like  VCN, 
rCN  was  also  expressed  as  a  unique  monomeric  species  as 
demonstrated  on  reducing  and  non-reducing  gels  (data  not 
shown).  Its  lack  of  activity  against  activated  platelets 
suggests  that  rCN  adopted  a  non-native  disulfide  pattern  at 
least  in  the  disintegrin  loop  region.  Although  it  is  unclear 
why  the  rCN  construct  failed  to  adopt  CN’s  native  dimeric 
conformation  in  this  recombinant  system,  this  was  not  the 
result  of  unsuccessful  disulfide  bridge  formation.  Both 
recombinant  constructs  have  been  probed  with  Ellman’s 
reagent  and  found  to  contain  no  free  thiol  groups. 

3.2.3.  Mass  spectrometry  analysis  and  sequencing  of  VCN 
Interestingly,  the  MS  analysis  (MALDI-TOF  and  ESI) 

demonstrated  that,  unlike  native  CN,  VCN  is  a  monomer 
(MW  =  7146.0).  The  sequence  was  subsequently  confirmed 
by  tryptic  MS  sequencing.  Based  on  these  data,  we  specu¬ 
lated  that  although  VCN  may  have  folded  correctly  in  the 
C-terminal  half  of  the  molecule  where  the  disintegrin  loop 


Contortrostatin  (homodimer,  65  amino  acids  per  chain) 
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Vicrostatin  (monomer,  69  amino  acids) 

GDAPANPCCDAATCKLTTGSOCADGLCCDOCKFMKEGTVCRRARGDDLDDYCNGISAGCPRNPHKGPAT 


Echistatin  (monomer,  49  amino  acids) 

- ECESGPCCRNCKFLKEGTICKRARGDDMDDYCNGKTCDCPRNPHKGPAT 

1  - 10 - 20 - 30 - 40 - 50 - 60 - 69 


Fig.  1.  Sequence  alignment  of  contortrostatin  (CN),  vicrostatin  (VCN),  and  echistatin.  VCN  is  a  modified  CN  sequence  that  was  generated  recombinantly  by 
swapping  the  C-terminal  tail  of  CN  with  the  tail  of  echistatin.  Mass  spectrometry  and  crystallographic  data  have  shown  that  CN  is  a  dimer  with  two  identical 
chains  oriented  in  an  antiparallel  fashion  and  held  together  by  two  interchain  disulfide  bonds.  Unlike  native  CN,  mass  spectrometry  has  confirmed  that  VCN  is 
a  monomer.  In  the  above  sequences,  the  Arg-Gly-Asp  tripeptide  motif  is  depicted  in  bold  whereas  the  non-native  amino  acids  in  VCN  are  both  italicized  and 
underlined. 
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Fig.  2.  The  expression,  purification  and  binding  analysis  of  FITC-labeled  disintegrins  by  flow  cytometry.  Panel  A— Coomassie  stained  gel  showing  the  migration  of 
Trx-VCN  before  and  after  TEV  proteolysis  (lanes  2  and  3,  respectively)  versus  C-18  reverse  phase-HPLC  purified  VCN  (lane  4).  The  same  amount  (5  pi)  of  cell 
lysates  before  and  after  TEV  proteolysis  was  loaded  on  a  precast  gel  and  Coomassie  stained.  Panel  B— VCN  and  native  CN  exhibit  an  almost  identical  dose- 
dependent  inhibitory  effect  against  ADP-induced  platelet  aggregation  when  incubated  with  human  platelet-rich  plasma  (with  a  calculated  IC5o  of  ~60  nM).  In 
contrast,  a  recombinant  construct  based  on  the  exact  CN  sequence  (designated  rCN),  which  is  also  expressed  as  a  soluble  polypeptide  in  Origami  B  (DE3),  shows 
no  inhibitory  activity.  Panel  C— Labeled  disintegrins  (FITC-CN  and  FITC-VCN)  bind  in  a  similar  manner  to  cells  displaying  different  integrin  profiles  as  determined 
by  flow  cytometry.  MDA-MB-435,  MDA-MB-231  or  FIUVEC  were  either  incubated  with  FITC-CN  (green)  or  FITC-VCN  (red)  or  probed  with  an  FITC-labeled 
irrelevant  antibody  control  (blue).  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article). 


resides,  hence  its  ability  to  function  like  a  fully  active  dis- 
integrin,  it  might  have  adopted  a  non-native  cysteine 
pairing  in  the  N-terminal  half  of  the  molecule  when 
compared  to  native  CN  (Moiseeva  et  al.,  2008),  which 
compromised  its  dimerization  (see  Fig.  1  for  disulfide  bond 
configuration  of  native  CN). 

3  A  A.  Cell  surface  binding  analysis  by  flow  cytometry 

The  ability  of  VCN  to  mimic  the  binding  behavior  of 
native  CN  against  different  cell  lines  was  tested  by  flow 
cytometry  (Fig.  2).  Our  results  show  that  FITC-labeled  VCN 
has  a  similar  binding  profile  to  CN  against  HUVEC,  MDA- 
MB-231  and  MDA-MB-435  cells. 

3A.5.  Integrin  binding  kinetics  by  fluorescence  polarization 
To  further  determine  the  specific  binding  affinities  of 
both  native  CN  and  VCN  to  purified  (av(33  and  av(35)  or 
recombinant  (a5(31)  functional  integrins,  we  measured 
these  interactions  in  solution  by  fluorescence  polarization. 
From  this  set  of  experiments,  the  dissociation  constants 
for  both  native  CN  and  VCN  (Table  1)  were  further 


deduced.  These  data  showed  that  both  disintegrins  exhibit 
nearly  identical  affinities  for  av(33  and  a  similar  affinity  for 
av(35.  However,  the  results  demonstrated  that  there  is  at 
least  an  order  of  magnitude  difference  in  these  molecules’ 
Kd  values  to  a5(31  with  VCN  showing  an  improved  binding 
affinity  for  this  receptor  compared  to  native  CN. 


3.2.  In  vitro  functional  assays  with  VCN 
3.2 A.  Cell  viability  studies 

To  understand  the  impact  of  VCN  on  cell  viability  in 
vitro ,  we  tested  a  range  ofVCN  concentrations  (1-1000  nM) 
on  HUVEC,  MDA-MB-231  and  MDA-MB-435  cells  seeded  on 
top  of  Matrigel  (see  Materials  and  methods)  and  compared 
the  results  to  native  CN.  Neither  disintegrin  showed  any 
significant  impact  on  cell  viability  irrespective  of  the 
concentration  used  or  the  length  of  the  incubation  time. 
The  cell  viability  data  was  generated  using  an  MTS-based 
colorimetric  assay  and  further  confirmed  by  TUNEL  stain¬ 
ing  (data  not  shown). 
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Table  1 

Disintegrin-integrin  binding  kinetics  by  fluorescence  polarization. 


Disintegrin 

Integrin  Kd  (+/-SD). 

av|33  a5(31 

av|35 

CN 

6.6  nM  (0.8).  191.3  nM(65.2). 

19.5  nM(5.7). 

VCN 

7.4  nM  (0.4).  15.2  nM  (4.2). 

41.2  nM  (12.3). 

The  binding  kinetics  were  calculated  by  measuring  the  steady  state 
binding  of  FITC-labeled  disintegrins  to  either  purified  (av(33  and  av|35)  or 
recombinant  (a5|31)  functional  human  integrins.  The  dissociation 
constants  for  interactions  of  either  CN  or  VCN  with  soluble  integrins  were 
determined  by  Scatchard  analysis  using  a  non-linear  curve  fit. 


3.2.2.  Inhibition  of  cell  migration 

Similar  to  native  CN,  VCN  significantly  inhibits  HUVEC, 
MDA-MB-231  or  MDA-MB-435  cell  migration  in  a  dose- 
dependent  manner  (Fig.  3).  Cell  migration  on  complete 
Matrigel  is  an  integrin-dependent  mechanism  and  both 
disintegrins  blocked  this  process  when  using  different  cell 
lines  with  significantly  different  integrin  profiles.  As 
determined  by  us  and  others,  the  MDA-MB-435  cells 
express  significantly  more  copies  of  av(33  integrin  than 
HUVEC  or  MDA-MB-231  cells,  with  the  latter  expressing 
the  least  amount.  All  three  cells  also  express  both  av(35  and 
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Fig.  3.  Inhibition  of  cell  migration  (the  colloidal  gold  migration  assay)  by  disintegrins.  The  ability  of  VCN  to  disrupt  cell  migration  was  assessed  on  gold  coverslips 
coated  with  complete  Matrigel  on  which  serum-starved  HUVEC,  MDA-MB-231  or  MDA-MB-435  cells  were  seeded  and  allowed  to  adhere  before  being  incubated 
for  up  to  48  h  with  various  concentrations  of  disintegrins  (1-1000  nM).  The  fungal  metabolite  Cytochalasin  D,  a  potent  inhibitor  of  actin  polymerization,  was  used 
as  a  positive  control  at  a  concentration  of  200  nM.  (i)  Representative  images  of ‘phagokinetic  tracks’  generated  on  colloidal  gold  by  migratory  HUVEC  exposed  to 
different  concentrations  of  disintegrins  (magnification,  x200;  scale  bar,  200  |im).  (ii)  The  ‘phagokinetic  tracks’  generated  by  migratory  cells  with  different  integrin 
profiles  (HUVEC,  MDA-MB-231  or  MDA-MB-435)  were  quantitated  digitally  (‘SimplePCI’  imaging  software)  by  counting  the  total  number  of  pixels  corresponding 
to  every  track  in  multiple  photomicrographs  for  each  condition.  The  above  plotted  data  were  averaged  from  multiple  independent  experiments  for  each  cell  line 
tested. 


Please  cite  this  article  in  press  as:  Minea,  R.,  et  al.,  Development  of  a  chimeric  recombinant  disintegrin  as  a  cost-effective  anti¬ 
cancer  agent  with  promising  translational  potential,  Toxicon  (2011),  doi:10.1016/j.toxicon.2011.02.020 


ARTICLE  IN  PRESS 


R.  Mined  et  al.  /  Toxicon  xxx  (20U )  1-15 


9 


4.5 


0 


Untreated 


MR  A  MD  0*5*1 


CytoD  CN  VCN  Untreated 


MDA-MB-435 


200nM  InMIOnMIOOnMIpM  InMIOnMIOOnMIpM 


CytoD  CN  VCN 


Fig.  3.  ( continued ) 


a5(31  integrins,  with  MDA-MB-435  expressing  relatively 
lower  amounts  of  av(35  integrin. 

3.2.3.  Inhibition  ofHUVEC  tube  formation 

As  previously  reported  with  native  CN  (Golubkov  et  al., 
2003),  VCN  also  potently  inhibits  HUVEC  tube  formation  in 
a  dose-dependent  manner  (Fig.  4).  In  this  assay,  cells  were 
plated  on  Matrigel,  incubated  with  various  concentrations 
of  each  disintegrin,  allowed  to  form  tubes,  and  then 
compared  to  either  untreated  cells  or  cells  treated  with 
a  known  tube  formation  inhibitor  (Suramin).  The  cells  were 
stained  with  Calcein  and  further  visualized  by  confocal 
microscopy.  Multiple  images  were  captured  from  at  least 
three  independent  experiments  and  the  tubes  corre¬ 
sponding  to  each  treatment  condition  were  measured 
digitally  by  pixel  counting  using  the  ‘SimplePCI’  imaging 
software.  The  data  was  collected  by  multiple  individuals  in 
a  blind  fashion  and  the  total  tube  length  averaged  and 
plotted  for  each  data  set. 

3.2.4.  Disruption  ofHUVEC  actin  cytoskeleton  organization 

To  assess  the  effect  of  VCN  on  cell  morphology  and  actin 

cytoskeleton  organization,  HUVEC  were  allowed  to  adhere 
to  complete  Matrigel  before  being  exposed  to  various 
treatments.  While  VCN  does  not  detach  HUVEC  plated  on 
Matrigel,  our  results  show  that  unlike  other  integrin 
ligands,  including  a  small  cyclic  RGD  peptide  (the  cRGDfV) 
and  an  anti-integrin  (33  monoclonal  antibody  (7E3),  VCN 
potently  collapses  the  actin  cytoskeleton  of  HUVEC  in  the 
nanomolar  range  (Fig.  5).  This  effect  can  be  only  partially 
prevented  if  the  cells  are  preincubated  with  either  the  7E3 


antibody  or  the  cyclic  RGD  peptide  cRGDfV  before  being 
exposed  to  VCN  (data  not  shown). 

3.3.  In  vivo  studies  with  VCN 

3.3.1.  Liposomal  encapsulation  of  VCN 

Our  previous  study  showed  that  liposomal  CN  has  the 
following  characteristics  in  mice:  1)  no  immunogenicity,  2) 
extended  circulatory  half-life,  and  3)  undetectable  non¬ 
target  effects  (Swenson  et  al.,  2004).  In  the  present  study, 
various  batches  of  LVCN  were  prepared  for  in  vivo  testing  by 
either  sonication  or  homogenization  under  different  pro¬ 
cessing  conditions  (temperature,  pressure  etc).  The 
encapsulation  efficiency  for  these  batches  was  determined 
to  be  70%  or  greater,  and  the  average  size  of  homogenized 
LVCN  was  83  nm. 

3.3.2.  Efficacy  studies  with  LVCN  in  vivo 

LVCN  was  previously  tested  in  an  MDA-MB-435  animal 
model  (Minea  et  al.,  2005)  where  we  showed  that  it  effi¬ 
ciently  delayed  tumor  growth  while  exerting  a  pronounced 
anti-angiogenic  effect.  In  the  current  study  VCN  was  further 
tested  in  the  MDA-MB-231  breast  carcinoma  model  with 
similar  results  (Fig.  6).  Importantly,  in  the  aggressive  MDA- 
MB-231  model,  in  addition  to  the  delay  in  tumor  growth, 
LVCN  was  a  found  to  also  significantly  increase  the  survival 
of  animals  with  results  very  similar  to  those  observed  with 
Avastin  (all  control  animals  in  this  model  died  by  the  end  of 
week  7).  A  group  that  received  unencapsulated  VCN  (at  the 
dose  of  100  jiig  per  injection  administered  twice  weekly  via 
tail  vein  injections)  was  also  evaluated  in  this  breast  cancer 
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Fig.  4.  Inhibition  of  HUVEC  tube  formation  (tubulogenesis)  on  Matrigel.  HUVEC  were  plated  on  ‘Endothelial  Cell  Tube  Formation’  plates  (BD  Biosciences)  and 
allowed  to  adhere  before  being  incubated  overnight  with  various  concentrations  of  either  CN  or  VCN  (10-1000  nM)  at  37  °C  in  the  presence  of  5%C02.  Suramin, 
a  known  tube  formation  inhibitor,  was  used  as  a  positive  control  at  a  concentration  of  100  pM.  At  the  end  of  incubation  period,  the  cells  were  stained  with  Calcein 
AM  and  imaged  by  confocal  microscopy,  (i)  Representative  HUVEC  images  from  three  independent  experiments  (magnification, x 25;  scale  bar,  200  pm),  (ii)  The 
degree  of  tubulogenesis  was  assessed  on  multiple  photomicrographs  for  each  condition  on  which  the  total  length  of  the  tubes  was  measured  and  computed  in 
multiple  fields  using  the  Zeiss  LSM  Image  Browser  (Carl  Zeiss  Microimaging  GmbH)  and  then  averaged  to  form  each  data  point.  The  data  presented  above  was 
assembled  from  three  independent  experiments. 


model.  Interestingly,  although  the  direct  injection  of 
unencapsulated  VCN  at  the  above  dose  seemed  to  be  very 
well  tolerated  by  the  animals  for  the  entire  duration  of  the 
study,  at  this  dose  regimen  there  was  no  a  significant 
difference  in  terms  of  both  tumor  growth  inhibition  and 
survival  between  the  unencapsulated  VCN  and  the  control 
groups  (data  not  shown).  The  lack  of  response  by  unen¬ 
capsulated  VCN  is  not  surprising  since  this  group  received 
the  same  amount  of  disintegrin  and  under  the  same  dosing 


schedule  as  the  one  who  received  LVCN  (i.e.,  100  pg  twice 
weekly).  Since  liposomal  VCN  has  a  much  longer  circula¬ 
tory  half-life  than  the  naked  protein  (20.4hr  for  L125I-VCN 
vs.  0.4  h  for  125I-VCN)  and  a  superior  tumor  accumulation,  it 
is  conceivable  that  the  naked  VCN  group  did  not  receive 
a  therapeutically  efficacious  dose.  Similarly,  Cilengitide, 
a  cyclic  RGD  pentapeptide  developed  by  Merck  KGaA,  is 
administered  at  much  higher  doses  than  LVCN  due  to 
a  shorter  circulatory  half-life  and  tumor  availability  (Mas- 
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Fig.  5.  VCN  induces  massive  actin  cytoskeleton  reorganization  in  HUVEC  seeded  on  Matrigel.  HUVEC  were  seeded  in  multiwell  chamber  slides  in  serum-free 
media  on  complete  Matrigel,  allowed  to  adhere,  and  then  treated  for  3  h  with  various  concentrations  of  either  a  cRGDfV  peptide  (1  or  10  pM),  VCN  (100  nM)  or 
the  anti-avf33  monoclonal  antibody  7E3  (100  nM).  The  actin  modifier  Cytochalasin  D  was  used  as  a  positive  control  at  a  concentration  of  50  nM.  At  the  end  of  the 
incubation  period,  the  cells  from  all  conditions  were  fixed  in  4%  formaldehyde,  permeabilized  in  0.1%  Triton  X-100,  and  had  their  actin  cytoskeletons  stained  with 
Rhodamine-Phalloidin  and  nuclei  counterstained  with  Hoechst  33342.  Shown  above  are  representative  confocal  images  from  multiple  experiments  taken  at  the 
same  magnification  (xlOOO;  scale  bar,  20  pm). 


Moruno  et  al.,  2011).  Studies  to  determine  the  efficacious 
dose  and  dosing  regimen  for  naked  VCN  in  multiple  tumor 
animal  models  are  currently  ongoing  in  the  Markland 
laboratory. 

33.3.  Evaluation  of  tumor  apoptosis  activity  ofLVCN 

The  current  study  was  also  aimed  at  evaluating  the 
effect  of  LVCN  on  tumor  apoptosis  in  the  MDA-MB-231 
breast  cancer  model.  Unlike  the  above  efficacy  study,  to 
evaluate  the  impact  of  LVCN  on  tumor  cell  death,  tumors 
were  allowed  to  become  more  established  (4  weeks  from 
inoculation)  before  a  short  course  of  treatment  (6  doses) 
with  either  LVCN  or  Avastin  was  started.  In  this  experi¬ 
mental  setting,  a  large  and  significant  difference  in  the 
amount  of  cell  death  (TUNEL  staining)  was  observed 
between  the  LVCN  and  control  groups  (Fig.  6).  The  reason 
we  chose  to  quantitate  the  effects  of  these  treatments  on 
tumor  apoptosis  in  more  established  tumors  that  received 
only  a  short  course  of  therapy  rather  than  in  tumors  har¬ 
vested  at  the  end  of  the  above-mentioned  efficacy  study 
was  that  in  the  latter,  despite  the  significant  differences 
observed  in  both  tumor  size  and  survival,  the  number  of 
apoptosis  events  did  not  appear  to  be  significantly  different 


across  the  groups  at  the  end  of  7  weeks  of  treatment  (data 
not  shown).  One  possible  explanation  for  this  observed 
discrepancy  in  the  amount  of  cell  death  between  the  two 
studies  might  be  that  in  the  longer  efficacy  study,  after  7 
weeks  of  treatment,  both  LVCN  and  Avastin  might  have  had 
a  tumor  stabilization/dormancy  effect  which  might  have 
led  to  gradual  decline  in  the  number  of  apoptosis  events  in 
these  treated  tumors  over  the  course  of  treatment.  We  plan 
to  address  this  hypothesis  in  the  future  by  looking  at  the 
differences  in  both  tumor  apoptosis  and  cell  proliferation  in 
treated  and  control  groups  during  a  time  course  study. 

4.  Discussion 

As  key  regulators  of  cell  migration,  integrins  function  as 
centripetal  signaling  platforms  or  functional  hubs  (Contois 
et  al.,  2009)  capable  of  bi-directionally  integrating  the 
signaling  circuitries  elicited  by  different  classes  of  cell 
surface  receptors  (e.g.,  the  semaphorin/plexin/neuropilin, 
the  growth  factor/receptor  tyrosine  kinase  and  the  cell 
surface  protease  systems)  with  the  cellular  locomotor 
apparatus  (Ivaska  and  Heino,  2009).  The  efficient  disruption 
of  integrin-mediated  interactions  between  tumorigenic 


Please  cite  this  article  in  press  as:  Minea,  R.,  et  al.,  Development  of  a  chimeric  recombinant  disintegrin  as  a  cost-effective  anti¬ 
cancer  agent  with  promising  translational  potential,  Toxicon  (2011),  doi:10.1016/j.toxicon.2011.02.020 


ARTICLE  IN  PRESS 


12  R.  Mined  et  al.  /  Toxicon  xxx  (20U )  1-15 


ECM  and  angiogenic  EC  in  the  tumor  microenvironment 
seems  to  be  critical  from  the  therapeutic  standpoint  since,  as 
recently  reported  (Baluk  et  al.,  2005),  one  important 
downside  of  the  potent  VEGF/PDGF  blockade  is  the  persis¬ 
tence  of  the  basement  membranes  of  involuted  tumor 
vessels  after  both  EC  and  pericytes  undergo  regression. 
Thus,  the  vascular  ECM  left  behind  provides  a  scaffold  for  the 
rapid  repopulation  of  these  ‘tracks’  with  new  EC  once  the 
anti-VEGF/PDGF  treatment  is  discontinued. 

The  critical  involvement  of  integrins  in  both  angiogenesis 
(Contois  et  al.,  2009;  Mahabeleshwar  et  al.,  2006)  and  tumor 


invasion  (Hood  and  Cheresh,  2002)  provides  the  rationale 
for  developing  therapeutic  antagonists  aimed  at  disrupting 
these  molecularly  intertwined  processes  (Folkman,  2007). 
Most  efforts  of  the  past  were  focused  on  anti-integrin  agents 
targeting  the  RGD-binding  alphav  members,  a  subclass  of 
integrins  thought  to  play  pivotal  roles  in  the  regulation  of 
pathological  angiogenesis,  which  prompted  the  develop¬ 
ment  of  a  number  of  small  RGD-mimetics  and  monoclonal 
antibodies  (Nemeth  et  al.,  2007;  Tucker,  2006). 

In  this  study,  we  show  that  a  chimeric  disintegrin, 
vicrostatin  (VCN),  derived  from  a  member  of  a  well 


Fig.  6.  The  anti-tumor  activity  of  liposomal  VCN  (LVCN)  in  MDA-MB-231  breast  carcinoma  xenograft  model.  Nude  mice  inoculated  orthotopically  (mammary  fat 
pads;  2.5  x  106  cells)  were  allowed  to  grow  palpable  tumors  before  treatment  was  commenced  (indicated  by  the  arrow).  Two  different  liposomal  formulation  of 
VCN  were  tested  in  this  study:  LVCN-S  (prepared  by  sonication)  and  LVCN-H  (prepared  by  homogenization).  The  groups  of  animals  (n  =  10)  were  treated 
intravenously  with  either  LVCN-H  or  LVCN-S  (the  dose-equivalent  of  100  pg  of  VCN  per  injection)  each  administered  twice  a  week,  or  Avastin  (400  pg  per 
injection;  approx.  20  pg/gr)  administered  once  a  week.  The  control  group  received  empty  liposomes  only.  When  compared  to  the  control  group,  a  significant 
delay  in  tumor  growth  (i)  and  increased  survival  (ii)  was  observed  in  all  treated  groups.  ANOVA  was  used  for  statistical  analysis  followed  by  Dunnett’s  multiple 
comparison  tests  (**  signifies  a  P  <  0.001).  (iii)  In  a  different  study,  designed  to  assess  the  ability  of  VCN  to  induce  tumor  apoptosis,  MDA-MB-231  xenografts  were 
allowed  to  grow  to  a  significantly  larger  volume  (4  weeks  after  inoculation)  before  the  treatments  were  initiated.  These  animals  received  6  consecutive  doses  of 
either  LVCN  (at  the  dose-equivalent  of  100  pg  of  VCN  per  injection)  or  Avastin  (400  pg  per  injection)  administered  intravenously  every  other  day  and  compared  to 
a  control  group  that  received  saline  only.  Tumor  cryostat  sections  from  each  group  were  stained  with  FITC-TUNEL,  and  counterstained  with  Hoechst  33342. 
Representative  confocal  images  from  multiple  experiments  taken  at  x250  magnification  are  shown  above  (scale  bar,  100  pm;  panels  Ai-Ci-TUNEL-Hoechst, 
panels  A2-C2-TUNEL  only),  (iv)  The  amount  of  cell  death  was  quantitated  as  ‘number  of  TUNEL+  nuclei/total  number  of  nuclei  x  100’  by  counting  all  nuclei  in 
‘hotspot’  areas  from  multiple  fields  using  a  computer-assisted  approach  (the  ‘SimplePCI’  imaging  software).  The  LVCN  group  shows  a  significantly  increased 
amount  of  cell  death  compared  to  either  Avastin  or  PBS  control.  The  data  was  analyzed  with  ANOVA  followed  by  post-hoc  tests  (*  signifies  a  P  <  0.01). 
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characterized  family  of  naturally  occurring  broad-spec¬ 
trum  integrin  inhibitors,  could  be  successfully  produced 
recombinantly  in  large  scale  in  an  engineered  bacterial 
system.  In  a  number  of  in  vitro  functional  assays,  VCN  is 
shown  to  retain  the  anti-migration/anti-invasion  proper¬ 
ties  of  the  native  molecule  contortrostatin  (CN)  it  was 
derived  from.  Our  previous  studies  with  native  CN  indicate 
that  this  disintegrin  may  behave  like  a  soluble  ECM- 
mimetic,  by  potently  altering  the  actin  cytoskeleton 
dynamics  and  inducing  the  deactivation  of  key  molecular 
components  of  focal  adhesions  in  both  adherent  HUVEC 
and  glioma  cells,  which  in  turn  results  in  a  net  anti- 
migratory/anti-invasive  effect  (Schmitmeier  et  al.,  2005). 
Compared  to  native  CN,  VCN  also  targets  integrins  av(33, 
av(35,  and  a5(31,  while  diplaying  a  higher  affinity  than  CN 
for  integrin  a5(31  (an  amino  acid  sequence  alteration 
purposefully  engineered  into  VCN).  Similar  to  native  CN, 
recombinant  VCN  collapses  the  actin  cytoskeleton  in 
endothelial  cells  cultured  in  a  rich  tumorigenic  matrix 
(complete  Matrigel)  uniquely  endowed  to  support  both 
survival  and  migration.  These  effects  distinguish  VCN  from 
other  integrin  ligands  tested  in  this  setting,  among  which 
were  a  small  cyclic  RGD  peptide  and  an  integrin-targeting 
monoclonal  antibody.  It  is  important  to  emphasize  that 
a  methylated  variant  of  the  cyclic  RGD  peptide  used  in  our 
experiments,  the  cyclo(Arg-Gly-Asp-DPhe-NMeVal) 
peptide  or  Cilengitide,  displaying  an  improved  specificity 
for  integrins  av(33  and  av(35  (Dechantsreiter  et  al.,  1999; 
Goodman  et  al.,  2002),  has  already  been  tested  against 
solid  tumors  in  a  number  of  clinical  trials  with  mixed 
results  (Hariharan  et  al.,  2007;  Reardon  et  al.,  2008).  By 
comparing  these  different  integrin  ligands,  our  in  vitro 
data  seem  to  suggest  that  VCN  might  have  additional 
signaling  properties  compared  to  cyclic  RGD  peptides  and 
integrin-targeting  monoclonal  antibodies.  Additional 
mechanistic  studies  are  currently  underway  in  our  labo¬ 
ratory  in  an  effort  to  better  understand  these  signaling, 
and  possibly  therapeutic,  differences  between  disintegrins 
and  other  soluble  integrin  ligands. 

Although  VCN  retains  native  CN’s  ability  to  bind  the 
activated  allb(33  platelet  integrin,  like  CN  (Swenson  et  al., 
2004)  it  does  not  interact  with  quiescent  platelets,  an  in 
vitro  observation  further  corroborated  by  our  in  vivo  find¬ 
ings:  no  side  effects  were  documented  following  direct 
intravenous  administration  of  purified  VCN  up  to  1  mg 
(mice)  or  to  5  mg  (rats).  It  is  noteworthy  that  there  is  an 
established  link  between  activated  platelets  and  metastasis 
(Jurasz  et  al.,  2004;  Nash  et  al.,  2002)  and  from  the  thera¬ 
peutic  standpoint  it  may  be  advantageous  to  use  a  poly¬ 
peptide  like  VCN  that  also  has  the  potential  to  address  this 
mechanism  of  metastasis.  As  a  small  polypeptide,  VCN  is 
not  expected  to  be  immunogenic,  and  our  preliminary 
animal  studies  showed  that  VCN  indeed  failed  to  elicit  an 
antibody  response  following  intravenous  infusion.  Despite 
these  findings,  for  enhanced  passive  targeting  of  the  drug 
to  the  tumor  site,  we  opted  for  liposomal  delivery.  VCN  can 
be  efficiently  encapsulated  into  unilamellar  liposomes  and 
our  findings  indicate  that  the  liposomal  formulations  of 
VCN  have  far  superior  efficacy  compared  to  the  naked 
polypeptide  in  the  in  vivo  model  tested.  On  the  other  hand, 
liposomal  delivery  has  a  number  of  other  advantages 
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including  the  ability  to  achieve  a  good  therapeutic  response 
at  lower  doses  administered  less  frequently.  As  a  unique 
broad-spectrum  anti-invasive  drug,  VCN  may  hold  an 
advantage  over  other  anti-tumor  therapeutic  modalities  in 
that  it  may  be  better  suited  to  address  the  cell  survival 
loops  operating  in  the  avascular  tissue  in  the  early  steps  of 
angiogenesis  and  metastasis  (Kim  et  al.,  2000a,  2000b).  For 
instance,  recent  studies  have  demonstrated  that  the  usage 
of  various  anti-VEGF/PDGF  strategies  is  linked  to  an 
increased  risk  of  early  metastasis  in  animal  cancer  models 
(Ebos  et  al.,  2009;  Paez-Ribes  et  al.,  2009).  Although  the 
clinical  relevance  of  these  preclinical  studies  is  not  yet  clear 
(Ellis  and  Reardon,  2009),  these  data  support  the  idea  that 
not  only  is  there  an  imperative  need  to  design  novel  anti- 
angiogenic  drugs  with  better  anti-invasive  properties,  but 
also  to  test  the  impact  of  standard  of  care  anti-angiogenics 
(such  as  Avastin)  on  metastasis  and/or  postoperative 
survival  when  they  are  administered  in  combination  with 
anti-invasive  modalities. 

In  summary,  we  developed  a  novel  chimeric  disintegrin 
VCN  that  can  be  easily  and  cost-effectively  produced 
recombinantly  and  shows  excellent  anti-tumor  efficacy  in 
the  breast  carcinoma  model  discussed  in  this  report. 
Furthermore,  the  liposomal  formulation  of  VCN  is  shown  to 
have  a  profound  tumor  apoptotic  effect  when  tested  on 
significantly  more  established  tumors  in  the  same  breast 
cancer  model. 
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Abstract  Angiogenesis  is  a  critical  process  in  tumor  and  disease  progression.  A 
number  of  features  are  central  to  both  tumor  growth  and  development,  and  the 
recruitment  and  invasion  of  a  growing  vascular  network  supplying  the  tumor  with 
nutrients  and  a  mechanism  of  escape  to  allow  meastatic  growth.  One  class  of 
molecules  important  to  both  tumor  growth  and  blood  vessel  recruitment  are  a  fam¬ 
ily  of  cell  surface  receptors  identified  as  integrins.  Integrins  are  a/p  heterodimeric 
glycoproteins  in  which  the  different  a  subunits  combine  with  distinct  p  subunits 
resulting  in  a  range  of  specificities  toward  various  extracellular  matrix  (ECM)  pro¬ 
teins.  The  RGD  sequence  found  in  a  number  of  ECM  proteins  is  recognized  by 
several  classes  of  integrins,  allowing  for  linkage  of  cytoskeletal  proteins  associated 
with  the  integrins  to  the  ECM  which  leads  to  involvement  in  bi-directional  sig¬ 
naling  that  displays  profound  effects  on  cellular  functions.  Among  these  integrin 
mediated  interactions  are  the  adhesion  of  both  endothelial  cells  and  cancer  cells  to 
ECM  proteins,  an  interaction  that  is  integral  to  metastasis,  tumor  growth  and  angio- 
gensis.  Antibodies  targeted  to  integrins  have  been  shown  to  retard  tumor  growth 
and  subsequent  tumor  induced  angiogenesis.  One  concern  with  this  approach  is  that 
the  antibody  targets  a  single  integrin,  which  may  allow  the  tumor  to  utilize  other 
non-targeted  integrins  to  circumvent  this  type  of  blockage.  A  more  broad  spectrum 
agent  is  available  that  binds  to  and  blocks  the  function  of  several  different  inte¬ 
grins  at  a  time,  this  agents  is  identified  as  a  disintegrin.  Originally  purified  from  the 
venom  of  Viperidae  family  of  snakes,  a  disintegrins  role  in  nature  is  presumably  to 
block  platelet  aggregation  following  envenomation  based  on  interaction  of  an  inte¬ 
grin  on  the  activated  platelet  surface  with  an  RGD  sequence  in  the  disintegrin.  It  has 
been  observed  that  integrins  overexpressed  on  some  tumor  types  and  angiogenic 
vasculature  have  similar  affinity  for  RGD  motifs  found  in  ECM  proteins.  Based  on 
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disintegrin  structure  we  have  developed  a  recombinant  form  of  a  snake  venom  disin- 
tegrin,  which  we  call  vicrostatin  (VCN).  VCN  is  a  potent  anti-angiogenic/anti-tumor 
agent  in  in  vitro  and  in  vivo  laboratory  studies.  Further  development  of  the  recom¬ 
binant  venom  derived  disintegrin  along  with  new  technology  looking  at  additional 
disintegrin-like  proteins  may  offer  a  novel  therapeutic  approach  in  targeting  tumor 
induced  angiogenesis. 


Introduction 

Angiogenesis,  the  ingrowth  of  new  blood  vessels  into  a  growing  tumor,  is  critical 
to  cancer  progression  and  spread.  A  number  of  cancer  types  such  as  breast  and 
prostate  cancer  affect  up  to  10%  of  the  US  population  at  some  point  in  their  life¬ 
time  (Jemal  et  al.,  2009).  In  the  description  of  the  development  of  a  novel  form  of 
anti-cancer  therapy,  prostate  cancer  will  be  used  as  the  model.  With  the  exception  of 
skin  cancer,  prostate  cancer  (PC)  is  the  most  prevalent  cancer  in  American  men  and 
the  second  leading  cause  of  cancer  death  after  lung  cancer.  The  American  Cancer 
Society  estimates  there  will  be  about  192,280  men  diagnosed  with  PC  and  27,360 
deaths  from  PC  in  the  United  States  in  2009  (Jemal  et  al.,  2009).  As  of  2004  the  five 
year  survival  rate  for  men  in  whom  PC  has  spread  to  distant  sites  at  time  of  diagno¬ 
sis  was  32%  (Jemal  et  al.,  2009).  In  advanced  PC,  different  treatment  combinations 
in  the  past  have  failed  because  as  prostate  cancer  progresses  it  becomes  resistant 
to  treatment  (Di  Lorenzo  and  De  Placido,  2006;  Gleave  et  al.,  2005;  Harris  et  al., 
2009;  Sharifi  et  al.,  2008).  It  is  critical,  therefore,  that  new  treatment  options  be 
made  available  for  patients  with  metastatic  PC.  While  cytotoxic  therapeutics  form 
the  backbone  of  PC  treatment,  there  are  other  approaches  that  may  allow  for  even 
more  effective  treatment  of  PC.  For  example,  the  inhibition  of  blood  vessel  growth 
into  the  tumor,  anti- angiogenic  therapy,  is  one  of  the  more  promising  strategies  for 
enhanced  long-term  inhibition  of  PC  progression  (Aragon-Ching  and  Dahut,  2008; 
Choy  and  Rafii,  2001;  Madan  and  Dahut,  2009;  van  Moorselaar  and  Voest,  2002). 
Abnormal  expression  of  angiogenic  factors,  such  as  vascular  endothelial  growth 
factor  (VEGF),  and  their  receptors  have  been  associated  with  PC  (Aragon-Ching 
and  Dahut,  2009;  Fox  et  al.,  2002).  Both  PC  and  vascular  endothelial  cells  pro¬ 
duce  growth  factors,  including  VEGF  and  basic  fibroblast  growth  factor  (bFGF), 
that  promote  neovascularization  (Beekman  and  Hussain,  2006;  Kwabi-Addo  et  al., 
2004;  Pallares  et  al.,  2006;  Polnaszek  et  al.,  2003;  Strohmeyer  et  al.,  2004;  Sun 
et  al.,  2004).  Angiogenesis  is  a  critical  prerequisite  for  progression  to  advanced  dis¬ 
ease  and  plays  a  pivotal  role  for  growth  and  metastasis  of  PC  (Cox  et  al.,  2005; 
Choy  and  Rafii,  2001;  Madan  and  Dahut,  2009).  Tumor  vascularity  has  been  shown 
to  be  a  prognostic  factor  in  PC,  with  highly  vascular  PC  having  a  poor  progno¬ 
sis  (Concato  et  al.,  2009;  Erbersdobler  et  al.,  2009;  Mucci  et  al.,  2009;  Weidner 
et  al.,  1993).  Further,  there  is  a  specific  correlation  between  blood  vessel  density 
in  PC  and  the  metastatic  potential  (Weidner  et  al.,  1993).  PC  is  identified  as  an 
angiogenesis-dependent  cancer  and  an  excellent  target  for  anti-angiogenic  therapy 
(Aragon-Ching  and  Dahut,  2008;  Cox  et  al.,  2005;  Jimenez  et  al.,  2006;  Madan 
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and  Dahut,  2009).  Anti-angiogenic  therapy  can  produce  prolonged  tumor  dormancy 
and  is  cytostatic,  which  will  lead  to  reduced  side  effects  commonly  associated  with 
chemotherapeutic  agents  (Boehm  et  al.,  1997;  Wu  and  Moses,  2000).  However, 
anti-angiogenic  agents  when  used  as  monotherapy  are  not  as  effective  as  in  com¬ 
bination,  suggesting  that  anti- angiogenic  strategies  in  combination  with  cytotoxic 
agents,  should  be  an  effective  therapeutic  approach  in  PC. 


Integrins:  Targets  for  Anti- Angiogenic  Therapies 

Cell-cell  and  cell-matrix  interactions  are  of  critical  importance  to  newly  established 
cancer  cell  colonies.  These  interactions  are  extremely  complex  and  involve  surface 
interactions  between  tumor  cells  and  surrounding  tissues  (Liotta  and  Kohn,  2001). 
The  integrin  class  of  molecules  is  particularly  important  to  these  interactions.  All 
integrins  are  a/p  heterodimeric  glycoproteins  (Cheresh,  1992).  The  18  a  subunits 
combine  with  8  P  subunits  to  create  24  unique  ap  heterodimers  resulting  in  a  range 
of  specificities  toward  various  extracellular  matrix  (ECM)  proteins  (Hynes,  1992; 
Pignatelli  et  al.,  1992).  Several  classes  of  integrins  recognize  the  RGD  sequence 
present  in  ECM  proteins  (Ruoslahti,  1991),  allowing  integrins  to  link  cytoskeletal 
proteins  with  the  ECM  and  to  be  involved  in  bi-directional  signaling  that  alters  cel¬ 
lular  functions.  Among  these  interactions  are  the  adhesion  of  both  endothelial  cells 
and  cancer  cells  to  ECM  proteins  (Ruoslahti,  1991),  interactions  that  are  integral  to 
tumor  growth,  metastasis  and  angiogenesis;  integrins  also  mediate  endothelial  cell 
proliferation  and  migration  (Beekman  et  al.,  2006).  Importance  of  the  vitronectin 
receptors,  integrins  avp3  and  avP5,  in  angiogenesis  is  well  known.  A  monoclonal 
antibody  to  avp3,  as  well  as  a  cyclic  RGD-containing  peptide  (Brooks  et  al.,  1994), 
perturbed  angiogenesis  and  produced  regression  of  a  human  cancer  growing  on  a 
chick  embryo  chorioallantoic  membrane  (CAM).  Administration  of  antagonists  of 
avp3  cause  apoptosis  of  vascular  endothelial  cells  responsible  for  angiogenesis,  fol¬ 
lowing  selective  activation  of  p53  and  increased  expression  of  the  p5 3-inducible 
cell  cycle  inhibitor  p21WAFl/CIPl  in  vivo  (Stromblad  et  al.,  1996).  In  vivo  sur¬ 
vival  of  vascular  endothelial  cells  is  dependent  on  attachment  and  spreading  on 
the  ECM.  avp5  has  also  been  found  to  play  a  role  in  angiogenesis.  An  anti-avp3 
antibody  blocked  angiogenesis  induced  by  bFGF,  whereas  an  anti-avp5  antibody 
blocked  VEGF  induced  angiogenesis  (Friedlander  et  al.,  1995).  This  suggests  that 
down-stream  signal  transduction  pathways  of  the  two  growth  factors  are  distinct; 
there  appears  to  be  two  angiogenic  pathways  mediated  by  av  integrins.  a5pl  antag¬ 
onists  inhibit  tumor  angiogenesis,  and  block  metastases  in  an  animal  tumor  model 
(Stoeltzing  et  al.,  2003).  Both  a5pi  and  avp3  have  been  shown  to  participate  in 
important  angiogenic  pathways  (Bayless  et  al.,  2000);  inhibition  of  endothelial  cell 
lumen  formation  was  only  achieved  by  blocking  both  avP3  and  a5pl.  Yet  integrins 
are  not  only  central  to  angiogenesis.  In  PC,  integrins  are  known  to  be  involved  in 
metastases  and  exhibit  differential  expression  on  PC  cells  (Demirgoz  et  al.,  2008; 
Goel  et  al.,  2008;  Romanov  and  Goligorsky,  1999).  Zheng  et  al.  (1999)  and  Sun  et  al. 
(2007)  observed  that  the  highly  invasive  human  PC  cell  line,  PC-3,  expresses  avP3, 
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which  mediated  cell  adhesion  and  migration  on  vitronectin.  In  contrast,  noninva- 
sive  LNCaP  cells  did  not  express  avp3,  nor  adhere  to  and  migrate  on  vitronectin, 
although  these  cells  expressed  a5pl  (Demirgoz  et  al.,  2008).  Exogenous  expression 
of  avp3  in  LNCaP  induced  the  cells  to  adhere  and  migrate  on  vitronectin.  Also,  pri¬ 
mary  human  PC  cells  isolated  from  16  surgical  specimens  expressed  avP3,  whereas 
normal  prostate  epithelial  cells  did  not  (Zheng  et  al.,  1999).  This  report  pointed  to 
avP3  as  a  potential  target  in  PC  cell  migration  and  metastasis.  Metastasis  to  remote 
sites,  primarily  to  the  bone,  is  a  major  cause  of  death  in  prostate  cancer.  A  significant 
component  of  metastasis  involves  adhesion  of  cancer  cells  within  the  vasculature. 
Adhesion  depends  on  integrins  and  is  dependent  on  integrin  activation.  Integrin 
avP3  supports  prostate  cancer  cell  attachment  under  blood  flow  conditions  in  an 
activation-dependent  manner  (Nemeth  et  al.,  2003;  Zheng  et  al.,  1999),  and  evidence 
suggests  that  transition  from  a  locally  invasive  phenotype  to  metastatic  behavior 
may  be  dependent  on  increased  expression  of  avp3  (Sun  et  al.,  2007).  Other  find¬ 
ings  suggest  that  integrin  avp3  expression  in  PC  cells  accelerates  the  development 
of  bone  metastasis  (Cooper  et  al.,  2002),  presumably  through  increased  invasion  of 
and  adhesion  to  bone  (Kumar,  2003;  Nemeth  et  al.,  2003).  Other  integrins  appear  to 
be  involved  in  cancer  invasion  as  well  (Cress  et  al.,  1995;  Witkowski  et  al.,  1993). 
Since  a  single  antagonist,  targeting  a  broad  range  of  integrins,  can  be  envisioned  to 
disrupt  many  of  these  tumor  cell-tissue  interactions,  integrins  present  a  very  attrac¬ 
tive  target  for  anticancer  drug  development.  Disintegrins  (Gould  et  al.,  1990)  avidly 
attach  to  a  range  of  human  integrins,  disrupting  normal  cellular  functions.  These 
findings  suggest  that  metastasis  and  angiogenesis  inhibition  should  be  a  feasible 
treatment  strategy  in  PC.  Thus,  agents  such  as  the  disintegrin  vicrostatin  (VCN)  an 
antagonist  of  integrins  avP3/a5pl/avP5  (Minea  et  al.,  2005),  as  described  below 
should  be  an  effective  therapeutic  agent  for  inhibition  of  metastasis  and  angiogene¬ 
sis  in  PC  if  targeted  to  the  tumor,  and  should  be  highly  effective  when  administered 
in  combination  with  cytotoxic  agents. 


Disintegrins  as  Molecular  Weapons  Against  Cancer 

Disintegrins  are  small,  disulfide-rich,  RGD-containing  peptides  that  bind  to  inte¬ 
grins  on  the  surface  of  normal  and  malignant  cells  (Dennis  et  al.,  1990;  Huang 
et  al.,  1989;  McLane  et  al.,  2008;  Scarborough  et  al.,  1993).  Disintegrins  have  been 
characterized  from  many  snake  venoms  and  were  originally  categorized  as  platelet 
aggregation  inhibitors  (McLane  et  al.,  1998;  Niewiarowski  et  al.,  1994;  Phillips 
et  al.,  1991;  Trikha  et  al.,  1994b).  Nuclear  magnetic  resonance  has  been  used  to 
determine  the  structures  of  several  disintegrins  (Adler  et  al.,  1991;  Saudek  et  al., 
1991);  they  display  little  secondary  structure,  and  are  characterized  by  an  RGD  or 
other  tripeptide  sequence  at  the  tip  of  a  flexible  loop  protruding  from  the  main  body 
of  the  peptide  chain  and  anchored  by  disulfide  bonds  at  the  base  (Niewiarowski 
et  al.,  1994).  The  Markland  lab  originally  isolated  contortro statin  (CN),  a  homod- 
imeric  disintegrin,  from  the  venom  of  the  southern  copperhead  snake  (Trikha  et  al., 
1994b).  CN  is  a  homodimer  with  a  molecular  mass  (Mr)  of  13,500;  each  chain  has 
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an  RGD  sequence  and  a  Mr  of  6,750  (Trikha  et  al.,  1994a,  b).  CN  binds  competi¬ 
tively  to  integrins  of  the  pi,  p3  and  p5  subclasses,  including  receptors  for  fibronectin 
(a5pi),  vitronectin  (avp3,  avp5),  and  fibrinogen  (allbp3)  (Trikha  et  al.,  1994a,  b; 
Zhou  et  al.,  2000a).  Human  umbilical  vein  endothelial  cells  (HUVEC)  were  exposed 
to  CN  for  0-3  days  and  then  tested  for  processes  critical  to  angiogenesis;  migra¬ 
tion,  invasion,  and  tube  formation  (Golubkov  et  al.,  2003).  All  three  activities  were 
inhibited  by  up  to  90%.  Further,  immunochemical  staining  showed  both  actin  and 
VE-cadherin  organization  to  be  disrupted  by  CN  in  HUVEC  (Golubkov  et  al.,  2003). 
In  addition,  CN  disrupts  angiogenesis  induced  by  both  bFGF  and  VEGF,  consistent 
with  the  observation  that  cyclic  RGD-peptides  have  no  selectivity  among  av  fam¬ 
ily  members  (Friedlander  et  al.,  1995).  The  lack  of  integrin  specificity  by  CN  is 
believed  to  be  an  advantage  in  controlling  cancer  dissemination.  PC  cell  lines,  as 
well  as  vascular  endothelial  cells,  have  been  shown  to  display  integrins  avP3,  avP5, 
and  a5pl,  and  the  antitumor  and  anti- angiogenic  activity  of  CN  is  based  on  its  high 
affinity  interaction  with  these  integrins.  CN  blocks  the  function  of  integrins  on  both 
tumor  and  endothelial  cells  and  has  a  distinct  advantage  over  many  anti- angiogenic 
agents,  which  act  by  blocking  a  single  angiogenic  pathway.  In  animal  models  of  can¬ 
cer,  CN  demonstrates  anti-angiogenic  and  antimetastatic  activities  (Markland  et  al., 
2001;  Pyrko  et  al.,  2005;  Trikha  et  al.,  1994a;  Zhou  et  al.,  2000b).  In  vivo  stud¬ 
ies  carried  out  by  the  Markland  lab  and  other  groups  have  shown  that  disintegrins 
are  well  tolerated  and  can  be  infused  without  detrimental  effect  on  blood  pressure, 
body  temperature,  or  other  physiological  parameters  (Cousins  et  al.,  1995;  Shebuski 
et  al.,  1989;  Yasuda  et  al.,  1991).  Acute  disintegrin  toxicity  was  studied  by  the 
Markland  lab  in  the  canine  in  collaboration  with  Dr.  Benedict  Lucchesi,  University 
of  Michigan  Medical  School;  disintegrin  treated  animals  did  not  exhibit  changes 
in  heart  rate,  EKG,  or  blood  coagulation  parameters,  and  there  was  no  evidence 
of  toxicity  at  the  doses  tested  (Cousins  et  al.,  1995).  Although  the  pharmacologi¬ 
cal  properties  of  CN  have  made  it  an  intriguing  molecule  for  potential  anticancer 
therapeutic  strategies,  the  fact  that  only  limited  quantities  are  available  from  snake 
venom  have  highlighted  the  need  to  produce  a  recombinant  form  of  CN.  Dr.  Minea 
in  Markland’ s  lab  designed  and  engineered  a  novel  recombinant  disintegrin,  VCN, 
whose  structure  is  based  on  the  sequence  of  CN.  Interestingly,  we  found  that  VCN 
when  expressed  in  bacteria  is  a  monomer  unlike  the  homodimer  CN.  Due  to  the 
monomeric  structure  of  VCN  and  the  fact  that  it  retains  full  biological  activity,  the 
recombinant  system  has  been  used  to  provide  VCN  in  large  quantities.  VCN  has 
proven  to  be  a  potent  anti-angiogenic  agent  with  impressive  anticancer  activity,  as 
shown  in  murine  models  of  human  breast  and  prostate  cancer  (Minea  et  al.,  2005; 
Pinski  et  al.,  2003).  VCN  is  as  active  as  native  CN  both  in  vitro  and  in  vivo  and  has 
an  additional  benefit  in  that  the  design  of  VCN  includes  a  slight  carboxyl-terminal 
sequence  alteration  that  produces  much  higher  affinity  for  integrin  a5pi,  which  is 
known  to  be  over  expressed  on  angiogenic  endothelial  cells  and  prostate  cancer  cell 
lines  (Witkowski  et  al.,  1993).  In  addition,  agents  that  induce  endothelial  cell  apop¬ 
tosis  by  antagonizing  integrin  binding  are  considered  potential  therapeutic  agents 
for  PC  via  their  ability  to  inhibit  tumor  vascularization  (Garrison  and  Kyprianou, 
2004).  Recent  studies  by  the  Markland  lab  indicate  that  VCN  induces  apoptosis  of 


306 


S.  Swenson  et  al. 


HUVEC,  further  supporting  its  role  as  an  effective  anti- angiogenic  agent  (Minea 
et  al.,  In  Press).  Importantly,  VCN  also  induced  disruption  of  the  actin  cytoskeleton 
in  HUVEC  and  mediated  the  dissociation  of  talin  from  the  cytoplasmic  domain  of 
the  pi  integrin  (unpublished  results).  These  findings  provide  insight  into  the  molecu¬ 
lar  mechanism  of  anti- angiogenic  action  of  VCN,  separate  from  its  ability  to  disrupt 
integrin  adhesion  to  ECM  proteins.  In  chronic  studies  in  nude  mice,  a  liposomal 
formulation  of  VCN  (LVCN)  was  administered  by  twice  weekly  intravenous  (i.v.) 
injection  over  a  four  week  period.  There  were  no  visible  side  effects  or  signs  of 
internal  bleeding,  indicating  that  mice  tolerate  chronic  administration  of  LVCN  very 
well  (Minea  et  al.,  2005).  Since  there  was  no  evidence  of  an  immune  response  to 
a  liposomal  formulation  of  CN  (LCN),  we  expect  similar  results  with  LVCN.  With 
the  availability  of  the  recombinant  method  for  production  of  VCN,  the  development 
of  this  disintegrin  into  a  commercially  viable  product  is  feasible. 


Advantages  of  VCN  as  an  Antitumor/Anti- Angiogenic  Agent 

The  antitumor  activity  of  VCN  is  based  not  only  on  blocking  integrin  adhesion  but 
also  by  disrupting  the  actin  cytoskeleton  and  dissociating  the  complex  between  talin 
and  the  pi  integrin  cytoplasmic  tail.  Importantly,  the  binding  of  talin  to  integrin  p 
tails  represents  the  final  common  step  in  integrin  activation  (Calderwood,  2004).  The 
effect  on  integrins  mediated  by  VCN  leads  to  dramatic  depression  of  invasive  abil¬ 
ity  of  tumor  cells,  and  of  the  angiogenic  vasculature.  Advantages  of  the  disintegrin 
approach  for  cancer  therapy  include:  an  exclusive  and  unique  recombinant  produc¬ 
tion  method  that  is  robust,  low  cost  and  easily  scalable;  the  disintegrin  sequence  can 
be  modified  to  alter  affinity  and  specificity  for  integrins;  the  recombinant  expression 
system  can  produce  venom-derived  disintegrins  in  sufficient  quantity  to  advance  this 
technology  to  the  clinic.  Metastasis  is  a  major  killer  of  cancer  victims  and  there  are 
no  good  anti-metastatic  drugs  available.  We  have  shown  that  VCN  inhibits  pro¬ 
cesses  involved  in  tumor  metastasis  (adhesion  and  invasion)  and  in  a  breast  cancer 
model  we  found  that  CN  inhibited  >65%  of  spontaneous  lung  metastasis  (Zhou 
et  al.,  1999),  and  we  are  confident  VCN  will  as  well. 

Importantly,  we  have  shown  in  rats,  dog  and  mice  that  there  are  few  if  any 
side  effects  after  chronic  exposure  to  CN  or  VCN.  This  indicates  that  normal, 
non-migrating  cells  do  not  display  activated  integrins  and  they  are,  therefore,  not 
accessible  to  disintegrin  binding.  This  is  particularly  true  in  mature  vasculature, 
which  does  not  display  avP3.  By  contrast,  avP3  is  prominently  displayed  by  neo¬ 
vasculature,  which  serves  as  the  basis  for  integrin-mediated  anti- angiogenic  therapy 
(Gasparini  et  al.,  1998;  Gutheil  et  al.,  2000;  Hood  et  al.,  2002).  This  was  further 
emphasized  by  studies  carried  out  with  platelets  in  vitro  wherein  we  showed  that 
CN  only  binds  to  platelets  after  their  exposure  to  ADP,  which  induces  intracel¬ 
lular  signals  switching  integrins  into  a  ligand  competent  state  (activates  integrins 
by  inducing  a  conformational  change  in  their  extracellular  domain)  (Banno  and 
Ginsberg,  2008;  Humphries,  1996;  Sun  et  al.,  2007;  Xiong  et  al.,  2003),  thereby 
making  them  accessible  to  CN. 
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Avastin  (bevacizumab)  is  a  monoclonal  antibody  that  neutralizes  VEGF  and  has 
shown  preclinical  evidence  of  anti-angiogenic  efficacy  for  prostate  cancer  (Ranieri 
et  al.,  2006),  it  is  approved  for  use  in  combination  therapy  in  several  types  of  cancer 
(Courtney  and  Choueiri,  2009;  Grothey  and  Galanis,  2009).  We  have  shown  in  head 
to  head  comparison  of  VCN  with  avastin  that  there  was  equivalent  efficacy  and  anti- 
angiogenic  activity  of  the  two  agents  in  a  human  breast  cancer  xenograft  model. 
However,  whereas  avastin  has  one  target  (VEGF),  VCN  targets  three  pathways 
based  on  integrins  avp3,  avp5,  and  a5pl  displayed  by  tumor  cells  and  angiogenic 
blood  vessels,  which  could  be  important  when  tumor  cells  develop  alternative  path¬ 
ways  to  bypass  VEGF.  We  expect  to  see  this  difference  translate  to  an  increased 
effectiveness  of  VCN  against  metastatic  disease  when  compared  to  avastin.  Further, 
the  peptide  VCN  should  be  considerably  less  expensive  to  manufacture  than  the 
antibody  avastin.  The  tyrosine  kinase  inhibitors  (TKIs)  sunitinib  and  sorafenib  have 
shown  good  efficacy  in  clinical  use,  particularly  in  metastatic  renal  cell  carcinoma, 
a  highly  vascular  disease  (Courtney  and  Choueiri,  2009;  Hiles  and  Kolesar,  2008; 
Merseburger  et  al.,  2009;  Zhu  et  al.,  2009).  Nonetheless,  patients  treated  by  all  three 
of  these  anti-angiogenic  agents  (avastin  and  the  TKIs)  have  experienced  significant 
rates  of  adverse  events  (AE)  (Choueiri  et  al.,  2009).  Although  many  of  these  AE 
are  minor  and  clinically  manageable,  some  are  severe  and  life-threatening  (Chen 
and  Cleck,  2009).  However,  two  recent  reports  throw  an  even  more  serious  spot¬ 
light  on  potential  problems  with  the  VEGF/VEGFR  targeting  agents,  including 
Avastin  and  the  TKIs.  In  the  first  report  by  Kerbel’s  group  (Ebos  et  al.,  2009), 
sunitinib  was  shown  to  accelerate  metastatic  tumor  growth  and  decrease  overall 
survival  in  mice  receiving  short-term  therapy  in  several  metastasis  assays.  Their 
results  suggested  possible  metastatic  conditioning  in  multiple  organs.  Similar  find¬ 
ings  with  other  TKIs  suggest  a  class-specific  effect.  Another  study  (Paez-Ribes 
et  al.,  2009)  confirmed  these  findings  and  provided  results  suggesting  that  VEGF- 
targeting  angiogenesis  inhibitors  initially  elicit  an  antitumor  response,  but  then  the 
tumors  appear  to  adapt  and  progress  to  a  state  of  greater  malignancy  with  increased 
invasiveness  and  in  some  cases  increased  distant  metastases.  This  process  is  referred 
to  as  “evasive  resistance”.  This  newly  found  connection  could  explain  why  most 
current  anti- angiogenic s  have  only  shown  a  modest  increase  in  survival  in  cancer 
patients  (Montagnani  et  al.,  2009).  It  is  important  to  note  that  the  therapeutic  strat¬ 
egy  employing  VCN  is  not  based  solely  on  the  VEGF/VEGFR  axis  and  involves 
a  mechanism  that  dramatically  inhibits  the  invasive  capacity  of  endothelial  and 
tumor  cells,  as  well  as  inhibiting  growth  in  the  bone  in  a  PC  metastatic  model  (as 
described  below).  Thus,  the  use  of  disintegrins  represents  a  truly  novel  therapeutic 
concept.  Finally,  cilengitide,  cyclo(L-arginyl-L-glycyl-L-aspartyl-D-phenylalanyl- 
N-methyl-L-valyl),  is  a  potent  selective  avp3-avp5  integrin  antagonist  that  has  been 
shown  to  inhibit  integrin-mediated  cell  adhesion  and  block  in  vitro  endothelial 
cell  migration.  Cilengitide  inhibits  cytokine-induced  bFGF-  and  VEGF-mediated 
angiogenesis  in  a  dose-dependent  manner,  and  inhibits  tumor  growth  in  several  in 
vivo  systems  (Beekman  et  al.,  2006).  In  glioblastoma  multiforme  (GBM)  cilengi¬ 
tide  monotherapy  is  well  tolerated  with  minimal  toxicity  and  exhibits  antitumor 
activity  against  recurrent  disease.  It  was  concluded  that  integrating  cilengitide  into 
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combination  regimens  for  GBM  is  warranted  (Reardon  et  al.,  2008).  However,  when 
comparing  CN  and  VCN  to  the  parental  cyclic  RGD  peptide  cilengitide  was  derived 
from,  cRGDfV,  we  found  that  this  cyclic  peptide  neither  induced  the  profound  actin 
cytoskeleton  disruption  nor  the  signaling  activity  exhibited  by  CN  and  VCN.  In 
experiments  designed  to  investigate  the  mechanism  of  the  anti-invasive  activity 
of  CN,  we  found  CN  induced  dissociation  of  talin  from  pi  integrin  cytoplasmic 
tail  leading  to  massive  disruption  of  the  actin  cytoskeleton  in  HUVEC  plated  on 
Matrigel,  whereas  cRGDfV  had  no  such  activity.  Similarly,  confocal  images  of 
HUVEC  plated  on  Matrigel  show  a  clear  discrepancy  between  VCN  and  cRGDfV 
treatment  in  their  ability  to  collapse  the  actin  cytosleleton  of  these  cells.  In  further 
support  of  these  findings,  the  design  of  cyclic  RGD  peptides  and  RGD  mimetics  is 
based  on  the  exposed  RGD  tripeptide  motif  in  ECM  proteins  that  plays  an  impor¬ 
tant  role  in  ligand  recognition  by  integrins,  particularly  av|33  and  avp5.  However, 
our  findings  indicate  that  the  presence  of  the  RGD  motif  alone,  although  it  con¬ 
tributes  significantly  to  the  ligand-receptor  interaction,  may  not  be  sufficient  to 
efficiently  and  fully  modulate  the  downstream  signaling  of  integrins.  Unlike  cyclic 
RGD  peptides  and  peptidomimetics,  disintegrins  have  additional  structural  elements 
which  enable  them  to  modulate  integrin  signaling  in  an  efficient  and  unique  manner 
(Brown  et  al.,  2009;  Calvete  et  al.,  2005;  Fujii  et  al.,  2003;  Marcinkiewicz  et  al., 
1997;  Sanz  et  al.,  2005;  Yahalom  et  al.,  2002).  Thus,  unlike  cilengitide,  the  RGD- 
containing  disintegrin  loop  (11  amino  acids)  in  CN  and  VCN  has  additional  flanking 
residues,  a  structural  feature  which  enables  it  to  make  more  extensive  contacts  with 
the  receptor.  Furthermore,  NMR  and  crystallographic  studies  have  revealed  that  the 
C-terminal  tail  in  disintegrins  folds  with  the  RGD-containing  disintegrin  loop,  such 
that  these  two  structural  elements  are  linked  together  and  form  an  extended  con¬ 
formational  epitope  in  the  three-dimensional  structure  of  disintegrins.  This  strongly 
indicates  that  these  two  functional  regions  are  engaged  in  extensive  interactions  with 
the  target  integrin  receptor  (Brown  et  al.,  2009;  Sanz  et  al.,  2005).  These  observa¬ 
tions  led  us  to  conclude  that,  unlike  cyclic  RGD  peptides  and  peptidomimetics  that 
act  only  as  receptor  antagonists,  integrin  modulation  in  the  case  of  disintegrins  is 
far  more  complex.  Therefore,  by  using  structural  and  functional  regions  in  addition 
to  the  RGD  motif,  a  tripeptide  amino  acid  sequence  that  serves  as  the  sole  basis  for 
the  design  of  cyclic  RGD  peptides  and  non-peptide  RGD  mimetics,  disintegrins  are 
expected  to  exhibit  novel  antitumor  activities  as  compared  to  cyclic  RGD  peptides 
and  peptidomimetics. 


Necessity  for  Liposomal  Delivery  of  VCN 

Due  to  the  short  circulatory  half-life  of  peptides  such  as  VCN  a  delivery  system 
other  than  direct  i.v.  administration  was  needed.  Liposomes  are  submicro scopic 
nanospheres  composed  of  thin  but  durable  membranes  made  primarily  of  phospho¬ 
lipids  and  cholesterol.  The  composition,  number  of  lipid  layers,  size,  charge  and 
permeability  of  the  membrane  can  be  altered  to  enhance  delivery  of  a  variety  of 
therapeutic  agents  encapsulated  inside  the  nanoparticle  (Fujii,  1996;  Woodle,  1993). 
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With  respect  to  disintegrin  delivery  to  the  tumor  bed,  we  hypothesize  that  our  lipo¬ 
somes  are  degraded  by  phospholipases  or  other  enzymes  generated  in  the  tumor 
microenvironment.  Due  to  the  incorporation  of  phospholipids  such  as  phosphatidyl¬ 
choline  or  phosphatidylglycerol  in  the  membrane  of  these  unilamellar  liposomes, 
action  of  these  enzymes  leads  to  disruption  of  the  membrane  structure  with  release 
of  the  disintegrin  payload  and  subsequent  binding  of  the  disintegrin  to  integrins  at 
the  surface  of  the  endothelial  and  tumor  cells.  Other  advantages  associated  with  our 
lipid  encapsulation  process  include:  (1)  enhanced  drug  delivery  to  the  desired  site, 
(2)  prolonged  drug  half-life  and  thus  reduced  dosing  frequency,  and  (3)  reduced 
drug  and  carrier  related  toxicities.  In  the  following  experimental  evidence  section, 
a  description  of  the  success  is  presented  for  the  development  of  a  stable  expression 
system  for  VCN,  a  scalable  liposomal  encapsulation  method  to  prepare  LVCN  and 
in  vitro  and  in  vivo  biological  efficacy  studies  using  cells  in  culture  and  two  PC 
animal  cancer  models. 


Experimental  Evidence  for  Efficacy  of  VCN 
as  an  Anti-Tumor/Anti-Angiogenic  Agent 

Recombinant  Expression  of  a  Venom  Derived  Disintegrin 

For  a  number  of  years  the  Markland  laboratory  has  worked  with  contortrostatin 
(CN),  a  disintegrin  isolated  from  Agkistro don  contortrix  contortrix  venom.  A  major 
obstacle  in  the  pathway  to  clinical  development  of  CN  was  the  supply  of  the 
protein,  it  is  only  present  as  a  very  small  fraction  of  the  total  venom  protein 
(~0.01%).  Further,  for  recombinant  production,  its  peculiar  structure  stabilized  by 
numerous  disulfide  bonds  makes  its  expression  in  commonly-employed  recombi¬ 
nant  systems  a  very  difficult  task.  Nonetheless,  we  have  successfully  employed  a 
recombinant  expression  system  for  which  we  developed  a  proprietary  production 
method  capable  of  generating  approximately  200  mg  of  purified  active  recombi¬ 
nant  disintegrin  per  liter  of  bacterial  culture  in  small-scale  laboratory  conditions.  To 
generate  recombinant  disintegrins,  we  have  successfully  adapted  a  commercially  - 
available  E.  coli  expression  system  consisting  of  the  Origami  B  (DE3)  expres¬ 
sion  host  in  combination  with  the  pET32a  vector  (Novagen)  for  our  production 
needs.  A  sequence-engineered  form  of  CN,  called  vicrostatin  (VCN),  has  been 
directionally  cloned  into  pET32a  expression  vector  incorporating  a  unique  tobacco 
etch  virus  (TEV)  protease  cleavage  site,  which  facilitates  the  removal  of  the 
thioredoxin  fusion  partner  from  the  expressed  VCN. 

Following  establishment  of  primary  cultures,  large  scale  cultures  were  inoculated 
and  grown  to  an  OD  of  0. 6-1.0  and  induced  with  IPTG.  Following  a  4-5  h  induc¬ 
tion  period  the  cultures  are  centrifuged  and  bacterial  pellets  lysed  by  a  scalable 
homogenization  method.  The  insoluble  cellular  debris  was  then  removed  by  cen¬ 
trifugation  and  the  soluble  cell  lysate  collected  and  further  analyzed  by  SDS-PAGE 
for  recombinant  protein  expression.  The  expressed  fusion  protein,  thioredoxinA- 
VCN  (Trx-VCN),  was  proteolysed  by  adding  recombinant  TEV  protease  to  the 


310 


S.  Swenson  et  al. 


soluble  cell  lysates.  TEV  protease  treatment  efficiently  cleaved  VCN  from  its  TrxA 
fusion  partner;  the  status  of  proteolytic  cleavage  was  monitored  by  SDS-PAGE. 
When  proteolysis  was  complete,  as  assessed  by  SDS-PAGE,  the  proteolyzed  lysate 
was  filtered,  diluted  in  H2O  and  ultrafiltrated  through  a  50  kDa  molecular  weight 
cut-off  cartridge  that  removed  most  of  the  higher  molecular  weight  bacterial  pro¬ 
teins.  The  resulting  ultrafiltrate  was  then  re-concentrated  against  a  5  kDa  molecular 
weight  cut-off  cartridge.  VCN  was  further  purified  by  reverse  phase  HPLC.  The 
recombinant  disintegrin  we  have  produced  through  this  system  is  recognized  by 
polyclonal  antisera  raised  against  native  CN  and  inhibits  ADP  induced  platelet 
aggregation  in  a  dose  dependent  manner  with  an  IC50  identical  to  native  CN 
(~60  nM).  Moreover,  VCN  inhibits  tumor  cell  adhesion,  inhibits  endothelial  cell 
and  tumor  cell  invasion  and  inhibits  endothelial  cell  tube  formation  in  a  manner 
indistinguishable  from  native  venom  derived  contortrostatin.  However,  VCN  is  a 
monomer  with  a  molecular  weight  of  6,750  Da,  whereas  CN  is  a  homodimer  with  a 
molecular  weight  of  13,500  Da  (Minea  et  al.,  2005) 


Liposomal  Encapsulation  of  VCN  Using  a  Homogenization  Method 

To  prepare  liposomal  vicrostatin  (LVCN),  stock  solutions  of  phospholipids  and 
cholesterol  were  prepared  by  dissolving  the  lipids  in  a  chloroform/methanol  solvent 
mixture.  Thin  lipid  films  were  created  by  pipetting  aliquots  of  the  lipid  solutions 
into  round  bottom  glass  tubes  followed  by  solvent  evaporation.  The  dried  lipids 
and  cholesterol  were  further  dried  under  vacuum.  This  process  yields  lipid  powder 
mixtures  that  were  used  to  prepare  LVCN.  For  liposome  preparation  by  homoge¬ 
nization,  VCN  was  dissolved  in  a  hydration  buffer  and  added  to  the  dried  lipids 
and  incubated  briefly  at  50°C.  LVCN  was  formed  by  passing  the  material  through  a 
microfluidizer.  The  material  was  processed  between  10,000  and  18,000  psi  while 
maintaining  an  elevated  temperature  (45-65°C).  Samples  of  the  liposome  batch 
were  removed  during  the  process  and  the  size  distribution  of  LVCN  was  deter¬ 
mined  with  an  Ultrafine  Particle  Analyzer.  After  processing,  unencapsulated  VCN 
was  removed  by  100,000  MWCO  ultrafiltration  and  LVCN  sterilized  by  filtration 
through  a  0.2  |xM  PVDF  filter.  We  are  encouraged  that  LVCN  can  be  scaled  to 
volumes  necessary  for  commercialization  by  the  homogenization  technique. 


In  Vitro  Evaluation  of  VCN  in  Limiting  Tumor  Progression 
and  Angiogenesis 

Binding  Affinities  of  VCN  to  Integrins 

To  assess  the  binding  affinities  of  VCN  with  soluble  integrins,  fluorescence  polar¬ 
ization  (FP)  was  utilized  (Jameson  and  Seifried,  1999).  In  this  method,  differing 
concentrations  of  functional  integrin  were  incubated  with  a  constant  amount  of 
FITC  labeled  VCN.  As  VCN  is  a  small  molecule  it  rapidly  depolarizes  the  exci¬ 
tation  light.  Upon  binding  to  the  large  integrin,  the  fluorescent  tag  on  VCN  tumbles 
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Table  19.1  Dissociation  constants  for  interactions  of  VCN  and  CN  with  soluble  integrins 


Integrin  Kd 

Disintegrin 

av|33 

a5pi 

av|35 

CN 

6.6  nM 

191.3  nM 

19.5  nM 

VCN 

7.4  nM 

15.2  nM 

41.2  nM 

Values  calculated  through  fluorescence  polarization  measurements  following  steady  state 
binding 


in  solution  at  a  slower  rate  resulting  in  increased  levels  of  polarization.  The  mea¬ 
sured  FP  value  is  a  weighted  average  of  FP  values  of  the  bound  and  free  fluorescent 
VCN  and  is  therefore  a  direct  measure  of  the  fraction  bound.  Data  generated  in  these 
experiments  can  be  analyzed  like  standard  radioligand  binding,  and  kinetics  of  bind¬ 
ing  can  be  determined  as  with  Scatchard  analysis  using  a  non-linear  curve  fit.  From 
this  set  of  experiments  we  determined  the  dissociation  constants  for  VCN  and  CN 
with  integrins  av|33,  a5pl  and  avP5  (Table  19.1).  Recombinant  VCN  was  purposely 
designed  with  a  carboxy  terminal  extension,  which  was  expected  to  enhance  affinity 
for  a5pi.  This  was  confirmed  as  CN  and  VCN  exhibit  nearly  identical  affinities  for 
avp3  and  similar  affinity  for  avp5,  but  there  is  an  order  of  magnitude  difference  in 
the  Kd  values  for  binding  to  a5pl  when  comparing  VCN  (higher  affinity  binding) 
to  CN. 


Inhibition  of  Cellular  Processes  Critical  to  Tumor  Progression 

To  assess  the  ability  of  VCN  to  block  processes  critical  to  tumor  survival  and  pro¬ 
gression  (adhesion,  migration  and  invasion)  we  have  measured  the  inhibitory  effect 
on  different  tumor  cell  lines,  as  well  as  endothelial  cells.  Inhibition  of  adhesion  is 
evaluated  through  the  ability  of  VCN  to  block  cell  attachment  to  a  number  of  differ¬ 
ent  extracellular  matrix  proteins.  We  observed  a  dose-dependence  in  the  inhibition 
of  adhesion  of  PC-3  cells  as  well  as  HUVEC,  to  both  vitronectin  and  fibronectin, 
ECM  proteins  that  are  ligands  for  integrins  targeted  by  VCN  (data  not  shown). 
Cellular  migration  is  also  inhibited  by  VCN  in  a  dose  dependent  manner.  To  evalu¬ 
ate  tumor  and  endothelial  cell  migration  a  phagokinetic  tracking  assay  is  employed. 
In  this  assay  cells  are  plated  on  a  collagen  coated  cover-slip  with  an  overlay  of 
colloidal  gold.  As  the  cells  move  they  displace  or  ingest  the  colloidal  gold  leaving 
tracks  on  the  surface  of  the  cover- slip.  Then,  using  dark-field  microscopy  the  tracks 
can  be  visualized  and  photographed.  Using  image  analysis  software  the  area  of  the 
tracks  in  a  photographed  field  can  be  determined  and  a  “migration  index”  can  be  cal¬ 
culated  as  a  percentage  of  the  field  lacking  gold.  Following  treatment  by  increasing 
concentrations  of  VCN  the  migration  of  both  tumor  and  endothelial  cells  is  signifi¬ 
cantly  limited.  Finally,  the  ability  of  cells  to  invade  through  the  ECM  was  evaluated 
using  modified  Boy  den  chambers.  These  chambers  contain  a  Matrigel  coated  porous 
membrane  (pore  size  8  |Jim).  A  chemoattractant  is  placed  in  the  lower  chamber  and 
untreated  cells  invade  through  the  membrane  toward  the  attractant.  Both  CN  and 
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VCN  block  the  invasion  of  endothelial  (HUVEC)  and  PC-3  cells  in  a  dose  depen¬ 
dent  manner  with  IC50  at  low  nM  concentrations.  These  results  show  that  VCN  has 
essentially  identical  activity  to  CN  in  inhibiting  invasion  of  endothelial  and  prostate 
cancer  (PC-3)  cells.  The  results  also  convincingly  demonstrate  one  of  the  important 
attributes  of  VCN,  that  it  inhibits  endothelial  cell  as  well  as  tumor  cell  invasion  in 
the  low  nM  range. 


Inhibition  of  HUVEC  Tube  Formation 

To  assess  the  ability  of  VCN  to  interfere  with  tube  formation  (an  in  vitro  assay 
of  anti-angiogenic  activity),  HUVEC  were  maintained  in  EGM-2  complete  media 
and  grown  to  confluency.  HUVEC  cells  were  harvested  and  resuspended  in  basal 
media.  After  being  maintained  in  suspension  for  15-30  min,  cells  were  seeded 
onto  Endothelial  Cell  Tube  Formation  plates,  an  in  vitro  endothelial  tubulogene- 
sis  system,  at  a  concentration  of  25,000  cells  per  well  and  immediately  treated  with 
various  concentrations  of  VCN,  CN  (positive  control),  or  Suramin  (positive  con¬ 
trol)  and  incubated  for  18  h  at  37°C.  At  the  end  of  the  incubation  period,  cells 
were  washed  and  then  stained  with  Calcein  AM  in  PBS  at  37°C.  After  30  min 
the  cells  were  washed  again  and  imaged  (Fig.  19.1)  using  confocal  microscopy  at 
2.5X  and  10X  magnifications.  On  the  captured  images,  the  total  length  of  tubes  was 


Fig.  19.1  Inhibition  of  HUVEC  tube  formation  by  VCN  (representative  images  from  multi¬ 
ple  experiments).  HUVEC  cells  were  plated  on  “Endothelial  Cell  Tube  Formation”  plates  (BD 
Biosciences)  in  the  presence  of  various  concentrations  of  VCN  (0-1,000  nM),  or  a  known  tube 
formation  inhibitor  Suramin  (used  as  a  positive  control).  Representative  figures  from  independent 
experiments  were  shown  above:  panel  a  -  untreated  control;  panel  b  -  100  |xM  suramin;  panel  c  - 
1  nM  VCN;  panel  d- 10  nm  VCN;  and  panel  e  -  1,000  nm  VCN.  Cells  were  stained  with  Calcein 
AM  and  imaged  using  confocal  microscopy 
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Fig.  19.2  Quantitation  of  tube  formation  inhibition  by  varying  concentrations  of  VCN.  The  tubes 
formed  by  HUVECs  were  quantitated  in  multiple  fields  collected  from  three  repeated  experiments 
by  computing  the  total  tube  length  with  Zeiss  LSM  image  software  and  averaged  to  form  each  data 
point.  The  data  shown  above  was  assembled  from  multiple  independent  experiments 


quantitated  with  Zeiss  LSM  image  software  and  data  plotted  against  the  total  length 
of  tubes  (in  |xm)  generated  by  untreated  cells.  Representative  tubes  from  6  differ¬ 
ent  wells  were  measured  by  3  individuals  and  averaged  to  form  each  data  point 
(Fig.  19.2).  VCN  exhibits  potent  dose-dependent  inhibition  of  tube  formation  at 
low  nM  concentrations 


Alterations  of  FAK  Phosphorylation  Induced  by  VCN 

It  has  been  proposed  that  the  mechanism  of  action  of  VCN  (delivered  as  LVCN) 
involves  alterations  in  integrin  mediated  signal  transduction  pathways.  Changing  the 
phosphorylation  status  of  FAK  has  previously  been  identified  as  a  target  of  disinte- 
grin  action  on  both  tumor  and  endothelial  cells.  To  carry  out  these  experiments  using 
MDA-MB-435  cancer  cells,  the  cells  were  grown  to  confluency  and  harvested.  Cells 
were  then  maintained  in  suspension  for  1  h  in  2%  bovine  serum  albumin/serum  free 
medium.  Various  concentrations  of  VCN  or  CN  (positive  control)  were  used  to  treat 
the  cells  for  10-30  min  while  still  in  suspension.  Following  incubation  with  disinte¬ 
grins  and  washing  to  remove  unbound  CN  or  VCN,  cells  were  lysed  with  modified 
radioimmunoprecipitation  assay  (RIPA)  buffer.  For  further  analysis  the  total  amount 
of  protein  in  lysates  was  standardized  before  immunoprecipitation.  Rabbit  anti- 
FAK  polyclonal  antibodies  were  incubated  with  the  whole  cell  lysates  for  9-12  h 
at  4°C,  and  immune  complexes  were  recovered  by  incubation  with  protein  G  immo¬ 
bilized  on  agarose  beads  overnight  at  4°C.  The  precipitated  protein  complexes  were 
centrifuged  and  the  pellets  washed,  resuspended  in  SDS-PAGE  sample  buffer,  and 
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Fig.  19.3  FAK  phosphorylation  levels  in  MDA-MB-435  cells  treated  with  disintegrins.  Cells  were 
kept  in  suspension  in  serum-free  media  and  incubated  with  various  amounts  of  CN  or  VCN  for  10- 
30  min.  The  agonistic  activity  of  both  CN  and  VCN  was  assessed  based  on  their  effect  on  the  global 
level  of  FAK  phosphorylation  by  Western  blotting.  The  level  of  total  FAK  in  the  treated  cells  does 
not  change 
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boiled.  For  immunoblotting,  proteins  were  resolved  on  10%  SDS  gels  and  trans¬ 
ferred  to  nitrocellulose  membranes.  Blots  were  incubated  with  either  total  anti-FAK 
monoclonal  antibodies  or  p-TYR  antibodies  for  2  h  at  RT.  Bound  primary  antibodies 
were  detected  with  horseradish  peroxidase-conjugated  anti-mouse  secondary  anti¬ 
bodies,  followed  by  enhanced  chemiluminescence  (Fig.  19.3).  Experiments  were 
repeated  at  least  three  times  to  verify  results.  These  studies  indicate  that  the  level  of 
phospho-FAK  increases  with  increased  concentration  of  treatment  agent,  VCN  or 
CN;  the  difference  between  CN  and  VCN  is  almost  indistinguishable,  again  indicat¬ 
ing  that  the  recombinant  disintegrin  (VCN)  has  identical  bioactivity  to  the  natural 
protein  CN. 


Actin  Cytoskeleton  and  Focal  Adhesion  Disruption 

In  view  of  the  finding  that  CN  and  VCN  alter  FAK  phosphorylation,  the  effect  of  dis¬ 
integrin  treatment  on  focal  adhesions  and  the  actin  cytoskeleton  was  evaluated.  This 
was  accomplished  by  visualization  of  the  actin  cytoskeleton  and  talin-based  focal 
adhesions  in  HUVEC  which  were  actively  forming  focal  adhesions  in  a  polymer¬ 
ized  growth  factor  reduced  (GFR)  matrigel  layer  after  treatment  with  either  CN  or 
a  cyclic  RGD  peptide  (cRGDfV).  Eight  well  chamber  slides  were  coated  with  GFR 
matrigel  and  left  to  polymerize.  Residual  media  was  aspirated  out  of  the  chamber 
slides  and  HUVECs  (2.5  x  104)  were  seeded  in  serum  free  media  onto  the  poly¬ 
merized  matrigel  layer.  Cells  were  incubated  for  1-h  at  37°C  before  being  treated 
with  either  100  nM  CN  or  10  |JiM  cRGDfV.  After  overnight  incubation,  cells  were 
washed  with  PBS,  fixed  in  ice-cold  acetone  for  10  min  at  4°C,  and  allowed  to  air 
dry  for  2  min  at  20° C.  Each  chamber  was  then  blocked  with  PBS  containing  5% 
BSA  for  1  h.  Talin  was  stained  with  a  mouse  monoclonal  Ab,  still  in  the  presence  of 
5%  BSA  for  2  h.  After  washing  with  PBS,  each  chamber  was  counter  stained  with 
anti-mouse  FITC-conjugated  secondary  Ab.  The  nucleus  was  stained  with  Hoechst 
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stain  and  the  actin  cytoskeleton  was  stained  with  rhodamine  phalloidin.  Following 
washing  in  PBS  the  chambers  were  separated  and  mounted  with  fluorescent  mount¬ 
ing  media  for  confocal  microscopy.  The  immunofluorescent  staining  of  talin  clearly 
shows  focal  adhesions  forming  when  HUVEC  cells  are  plated  on  polymerized  GRF 
matrigel.  For  the  untreated  group,  focal  adhesions  are  well-defined,  small,  cylindri¬ 
cal  structures  that  are  easily  visualized  under  the  zoomed  panel  (Fig.  19.4).  Every 
cell  also  has  numerous  focal  contacts  in  the  leading  edge  of  their  lamellipodia.  In 
addition,  the  actin  cytoskeleton  of  the  untreated  group  is  highly  organized.  In  every 
aspect,  from  the  number  of  focal  contacts  made  by  talin  to  the  organization  of  the 
actin  cytoskeleton,  the  staining  for  cells  treated  with  10  |JiM  cRGDfV  is  identical 
to  the  untreated  group  (Fig.  19.4).  However,  the  CN  treatment  group  reveled  less 


Composite  Actin  Talin 
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Fig.  19.4  Immunofluorescence  of  actin  cytoskeleton  and  focal  adhesions.  Chamber  slides  coated 
with  growth  factor  reduced  matrigel  were  seeded  with  HUVEC  (2.5  x  104)  in  serum  free  media. 
Cells  were  incubated  for  1  h  at  37° C  before  either  no  treatment  ( top  row),  treatment  with  100  nM 
CN  ( bottom  row),  or  10  |JiM  cRGDfV  ( middle  row).  After  overnight  incubation,  cells  were  washed 
with  PBS,  fixed  in  acetone  for  10  min  at  4°C,  and  allowed  to  air  dry  for  2  min  at  20° C.  Each  cham¬ 
ber  was  then  blocked  with  PBS  containing  5%  BSA  for  1  h  at  20° C.  Talin  was  stained  with  a  mouse 
monoclonal  Ab  (clone  TA205)  for  2  h  at  20°  C.  Followed  by  counter  staining  with  anti-mouse 
FITC-conjugated  secondary  Ab  (488  nM),  Hoechst  stain  (460  nM),  and  rhodamine  phalloidin  (580 
nM).  After  three  washes  in  PBS  the  chambers  were  separated  and  mounted  with  fluorescent  mount¬ 
ing  media  for  confocal  microscopy  (63x).  Composite  column:  superimposed  images  shown  after 
counter- staining  by  all  three  agents;  Actin  column:  rhodamine  phalloidin  staining;  Talin  column: 
talin  staining.  A  10  |Jim  scale  bar  is  included  in  each  image 
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defined  talin  staining  of  broader  sized  structures  that  were  hard  to  classify  as  focal 
adhesions  (Fig.  19.4).  Also,  the  number  of  focal  contacts  each  lamellipodia  has  is 
greatly  reduced.  Moreover,  the  actin  cytoskeleton  for  the  CN  treatment  group  is 
highly  disorganized  and  looks  to  be  under  extreme  stress  conditions.  This  data  indi¬ 
cates  that  cRGDfV  treatment  has  virtually  no  effect  on  cytoskeletal  organization 
and  focal  adhesions  based  on  their  associations  with  talin,  while  CN  treatment  dras¬ 
tically  disrupts  both  of  these  structures.  We  assume  that  VCN  will  show  identical 
activity  based  on  its  similarity  to  CN. 


VCN  Induction  of  Apoptosis  in  Tubulogenic  HUVEC 

VCN  does  not  affect  HUVEC  viability  if  adherent  cells  are  plated  on  Matrigel,  but 
VCN  exhibits  significant  anti-migratory  effects  (i.e.,  inhibition  of  tube  formation)  on 
HUVEC  grown  on  Matrigel.  Interestingly,  when  HUVEC  are  sandwiched  between 
two  layers  of  complete  Matrigel,  a  significant  apoptotic  effect  is  also  observed  in 
the  presence  of  VCN,  but  not  with  other  integrin  ligands  (Fig.  19.5).  Surprisingly,  a 
similar  effect  was  also  seen  with  Avastin  in  this  setting,  though  less  pronounced  than 
with  VCN.  It  is  noteworthy  that  HUVEC  sandwiched  between  two  Matrigel  layers 
migrate  and  form  tubes  much  faster  than  when  plated  on  top  of  Matrigel.  Thus,  it 
appears  that  the  rapidly  migrating  cells  sandwiched  in  Matrigel  may  be  more  depen¬ 
dent  (than  those  plated  on  top  of  Matrigel)  on  their  ability  to  assemble  a  dynamic 
actin  cytoskeleton  and  this  seems  to  be  a  requirement  not  only  for  migration,  but  also 
for  survival.  Thus,  the  ability  of  VCN  to  efficiently  disrupt  the  actin  cytoskeleton  of 
rapidly  migrating  cells  may  explain  the  discrepancy  seen  in  cell  survival  between  the 
two  experimental  settings.  It  is  also  important  to  note  that,  unlike  the  two  integrin 
binding  antibodies,  7E3  and  LM609,  the  c(RGDfV)  peptide  did  alter  the  morphol¬ 
ogy  of  the  tubes  formed  by  HUVEC  when  sandwiched  in  Matrigel,  although  to  a 
lesser  extent  than  VCN  and  with  no  impact  on  cell  viability. 


In  Vivo  Evaluation  of  the  Anti- Angiogenic  Anti-Tumor  Activity 
of  VCN 

Circulatory  Half-Life  of  LVCN 

Previously  we  had  determined  the  circulatory  half-life  of  CN  and  liposomal  CN 
(Swenson  et  al.,  2004).  We  repeated  these  studies  for  VCN  and  LVCN.  Blood 
samples  were  taken  0.5,  1,  3,  6,  18,  24,  48  and  72  h  following  i.v.  administration 
of  125I-VCN  or  L-125I-VCN.  Gamma  counting  of  collected  blood  samples  revealed 
that  there  was  a  rapid  decrease  to  <0.1%  of  the  administered  counts  in  the  blood 
6  h  after  i.v.  injection  of  125I-VCN.  However,  in  animals  given  L-125I-VCN,  the 
percentage  of  total  injected  counts  in  the  blood  drops  to  a  level  of  63%  of  the  injected 
counts  6  h  post-injection  and  gradually  decreases  over  the  following  66  h.  By  plot¬ 
ting  the  decrease  in  radioactivity  in  blood  over  time  following  i.v.  administration 
in  tumor- free  mice,  we  observed  a  circulatory  half-life  of  0.4  h  for  125I-VCN  and 
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Fig.  19.5  VCN  induces  massive  actin  cytoskeleton  reorganization  in  HUVEC  seeded  on  Matrigel. 
HUVEC  were  seeded  in  serum-free  media  in  multiwell  chamber  slides  on  complete  Matrigel, 
allowed  to  adhere,  and  then  treated  for  3  h  with  various  concentrations  of  cRGDfV  peptide  (1 
and  10  |JiM)  or  FITC-VCN  (10  and  100  nM)  or  the  av|33-integrin  binding  antibody  fragment  7E3 
(100  nM)  followed  by  a  FITC-conjugated  secondary  antibody.  The  actin  modifier  Cytochalasin  D 
was  used  as  a  positive  control  at  two  different  concentrations  (10  and  50  nM).  At  the  end  of  the 
incubation  period,  the  cells  from  all  conditions  were  fixed  in  4%  formaldehyde,  permeabilized  in 
0.1%  Triton  X-100,  stained  with  Rhodamine-Phalloidin  and  Hoechst  33342,  and  imaged  by  confo- 
cal  microscopy.  The  cells  in  panels  F-H  (treated  with  FITC-labeled  7E3  or  VCN)  are  triple  stained. 
The  images  shown  above  are  Rhodamine-Hoechst  (panels  A-E  and  Fl-Hl),  FITC-Hoechst  (panels 
F2-H2)  or  all  three  fluorophores  (panels  F3-H3).  Unlike  the  cRGDfV  peptide  or  the  integrin- 
binding  7E3  antibody  fragment  (or  LM609,  not  shown),  VCN  collapses  the  actin  cytoskeleton  in 
HUVEC  plated  on  Matrigel.  Representative  confocal  images  from  multiple  experiments  taken  at 
the  same  magnification  (x630)  are  shown  above  (scale  bar,  20  |xm) 


20.4  h  for  L-125I-VCN  similar  to  our  previous  findings  with  CN  and  LCN.  Thus, 
encapsulation  of  VCN  in  liposomes  not  only  protects  the  protein  but  also  maintains 
it  in  the  circulation  for  a  much  longer  period  of  time  than  unencapsulated  VCN, 
enabling  more  effective  access  to  the  tumor. 
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Preferential  Tumor  Binding  of  VCN 

In  order  to  determine  if  there  was  preferential  tumor  binding  of  VCN  as  compared 
to  a  cyclic  peptide  cyclo(-RGDfV-),  similar  to  Cilengitide,  which  is  currently  in 
clinical  trials  for  glioma  therapy,  we  evaluated  VCN  as  a  PET  imaging  agent.  This 
experiment  was  designed  to  show  tumor  specific  binding  of  VCN  in  existing  bone 
metastases,  using  the  androgen  dependent  PC  CWR22.  CWR22  cells  were  injected 
into  the  tibia  of  nude  mice  and  were  allowed  to  grow  untreated  for  weeks  until 
the  tumors  were  10-14  mm  in  diameter.  Animals  were  then  injected  with  64Cu 
labeled  VCN  or  cyclo(-RGDfV-),  and  imaged  using  a  Concorde  Systems  micro- 
PET  imaging  system.  As  can  be  seen  in  Fig.  19.6,  injected  VCN  localizes  to  the 
tumor  with  much  higher  affinity  than  the  cyclic  RGD  peptide.  This  indicates  that 
VCN  binds  to  the  tumor  and  could  serve  as  an  effective  imaging  agent,  as  well  as  a 
therapeutic  agent. 


In  Vivo  Biological  Efficacy  Assay  on  Both  Tumor  and  Angiogenic  Vessel 
Growth 

We  examined  the  effect  of  treatment  of  a  xenograft  model  of  human  PC  using  LVCN 
prepared  by  homogenization.  Human  prostate  cancer  cells  (PC-3,  2  x  106)  were 
implanted  subcutaneously  in  the  hip  flank  of  5-week  old  male  nude  mice.  Tumors 
were  allowed  to  grow  until  palpable  (14  days)  at  which  time  drug  administration  was 


64Cu-cycNcRGD  ^Cu-VCIM 


Fig.  19.6  VCN  binds  to  prostate  tumor.  Comparison  of  binding  efficacy  of  64 Cu  labeled  VCN 
and  a  cyclic  RGD  peptide  to  an  existing  prostate  tumor  implanted  in  the  tibia  of  a  nude  mouse 
(white  arrow  points  to  tumor.  As  can  be  seen  the  VCN  binds  with  higher  affinity  than  the  RGD 
peptide  to  the  existing  PC  tumor.  With  VCN  a  significant  amount  of  the  injected  radioactivity  is 
associated  with  the  tumor  but  there  also  is  a  high  level  of  non-specific  binding  in  the  kidneys  liver 
and  intestines.  The  level  of  non-specific  binding  with  the  RGD  peptide  appears  lower  but  this  can 
be  due  to  the  much  shorter  circulatory  half-life  of  the  RGD  as  compared  to  VCN.  This  indicated 
that  VCN  can  potentially  be  used  as  both  a  therapeutic  or  PET  imaging  agent  in  prostate  cancer. 
The  image  registration  cross  hatch  is  seen  in  the  RGD  panel 
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initiated.  A  preparation  of  LVCN  as  well  as  unencapsulated  VCN  were  administered 
twice  weekly  via  intravenous  injection  (100  [ig  per  dose  for  5  weeks);  PBS  and 
empty  liposome  controls  were  also  included.  Tumors  were  measured  weekly  via 
caliper  in  a  blind  fashion.  At  the  end  of  the  treatment  period  there  is  a  significant 
inhibitory  effect  on  tumor  growth  (~75%  inhibition)  when  comparing  the  LVCN 
treated  animals  with  the  PBS  treated  and  empty  liposome  controls  (Fig.  19.7).  In 
addition  unencapsulated  VCN  displayed  essentially  no  anti-tumor  activity,  which 
may  in  part  be  explained  by  its  relatively  short  circulatory  half-life.  In  additional 
PC-3  therapeutic  efficacy  studies  we  evaluated  the  efficacy  of  LVCN  in  combination 
with  docetaxel.  In  these  studies  we  used  therapeutic  doses  of  both  docetaxel  and 
LVCN  and  observed  no  additional  effect  on  inhibition  of  tumor  growth  over  that  of 
LVCN  alone.  These  studies  will  be  repeated  using  a  reduced  LVCN  dose  and  several 
different  doses  of  docetaxel. 

In  addition  to  the  inhibitory  effect  on  tumor  growth  we  also  evaluated  the  anti- 
angiogenic  effect  of  LVCN  in  the  PC-3  model  utilizing  immunohistochemistry 
(IHC).  Briefly,  tumors  were  embedded  in  OCT  using  standard  techniques.  The 
frozen  blocks  were  sectioned  on  a  cryostat.  The  sections  were  taken  from  three 
regions  of  the  tumor,  the  first,  second  and  third  20  [im  segment  of  the  tumor. 
The  thickness  per  section  was  5  |xm.  This  method  was  used  to  make  sure  that  the 


Weeks  of  Treatment 

Fig.  19.7  PC-3  xenografts  treated  with  LVCN.  Tumor  volume  measurements  in  athymic  nude 
mice  bearing  subcutaneous  xenografts  of  the  prostate  cancer  cell  line  PC-3  during  treatment  with 
LVCN  or  VCN  administrated  twice  weekly  via  i.v.  injection  (100  |xg/dose)  Control  animals  were 
injected  with  PBS  or  empty  liposomes.  Treatment  lasted  for  5  weeks.  Vertical  bars  indicate  SEM. 
There  is  statistical  significance,  with  p  values  less  than  0.05  between  the  LVCN  treatment  group 
and  the  control 
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staining  was  representative  of  the  entire  tumor,  and  not  due  to  the  specific  portion 
of  the  tumor  tested.  Following  sectioning,  tumor  sections  were  fixed  in  acetone 
followed  by  blocking  with  5%  goat  serum.  The  primary  antibody  utilized  was 
a  polyclonal  rat  anti-mouse  CD3 1/PEC  AM.  Following  primary  antibody  incuba¬ 
tion,  the  slides  were  washed  and  probed  with  the  secondary  antibody,  biotinylated 
goat  anti-rat  antibody.  Slides  were  then  washed  in  PBS,  and  incubated  with  Avidin 
Binding  Complex  (ABC),  and  then  stained  with  3-amino-9-ethylcarbazole  (AEC) 
chromogen  solution.  Slides  were  counterstained  with  Mayers  Hemotoxylin  to  visu¬ 
alize  nuclei.  To  quantitate  the  blood  vessels  the  stained  sections  were  subject  to 
“random  field”  analysis.  Four  randomly  assigned  fields  were  chosen  and  digitally 
captured.  To  insure  objectivity,  the  pictures  were  taken  “blindly”  without  prior 
knowledge  of  treatment  group.  Four  images  per  section  and  three  sections  per  tumor 
(1  from  0-20  [im ,  1  from  20-40  \im  and  1  from  40-60  |xm)  were  typically  ana¬ 
lyzed,  twelve  images  per  each  tumor.  Between  2  and  4  tumors  per  animal  group 
of  5  animals  were  analyzed  to  obtain  the  microvessel  density  average  in  each  of 
the  experimental  groups.  Once  the  images  were  captured,  and  loaded  onto  the  com¬ 
puter,  they  were  quantitated  using  Simple  PCI  software.  Blood  vessels  were  defined 
as  any  endothelial  cell  or  endothelial  cell  cluster,  which  was  distinctly  separated 
from  tumor  cells  or  connective  tissue.  The  simple  PCI  imaging  software  allows  the 
observer  to  pick  a  range  of  pixel  colors  denoting  blood  vessels.  Those  pixels  are 
then  quantified  as  both  a  raw  number  and  %  pixels  per  field  of  view.  The  images 
were  analyzed  in  a  blind  fashion  to  reduce  bias.  As  illustrated  in  Fig.  19.8,  the 
microvessel  density  present  in  the  control  (PBS)  group  represents  ~7%  of  the  total 
pixels  in  a  field  being  positive.  Treatment  of  the  animals  with  the  LVCN  resulted 
in  a  dramatic  decrease  in  tumor-associated  microvessel  density  to  1.5-2. 5%  of  the 
visualized  fields.  The  statistical  significance  between  the  PBS  group  and  the  LVCN 
treatment  group  reached  P  values  on  the  order  of  10-18.  This  data  further  illustrates 
the  anti-angiogenic  potential  of  LVCN. 

In  separate  studies  we  evaluated  the  therapeutic  efficacy  of  LVCN  in  treating 
existing  PC  bone  metastases.  In  these  studies  PC  cells  were  implanted  in  the  study 
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Fig.  19.8  Immunohistochemical  Staining  of  Microvessels  with  CD3 1 .  Tumors  were  embedded  in 
OCT  and  frozen  prior  to  sectioning.  Blocks  were  sectioned  at  5  |xm  and  probed  with  an  anti-CD31 
antibody.  Following  washing  and  after  initial  detection  with  a  secondary  antibody  the  chromagen 
AEC  was  used  to  visualize  CD31  mAb.  In  both  the  PBS  and  empty  liposome  samples  numerous 
vessels  are  observed  while  in  the  LVCN  sample  considerably  fewer  vessels  are  observed.  LVCN  is 
an  effective  antiangiogenic  agent  in  prostate  cancer 
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Weeks  of  Treatment 

Fig.  19.9  CWR22  model  of  prostate  cancer  bone  metastasis  treated  with  LVCN.  Shown  are  the 
tumor  sizes  as  a  percentage  of  the  control  tibia  in  athymic  nude  mice  bearing  experimental  CWR22 
PC  bone  metastasis  treated  with  LVCN  or  VCN  administrated  twice  weekly  via  i.v.  injection 
(100  |ig/dose).  Control  animals  were  injected  with  PBS  or  empty  liposomes.  Treatment  lasted 
for  5  weeks.  Vertical  bars  indicate  SEM.  There  is  statistical  significance,  with  p  values  less  than 
0.05  between  the  LVCN  treatment  group  and  the  control 


animals  by  intra-tibial  injection.  Briefly,  CWR22  prostate  cancer  cells  were  sus¬ 
pended  in  a  solution  of  matrigel  in  modified  Eagles  media  (MEM)  at  2.5  x  106 
cells/  ml  and  25  |xl  of  this  suspension  was  directly  injected  into  the  proximal  left 
tibia  of  immunodeficient  mice.  Following  injection  the  diameter  of  both  the  left  and 
right  (control)  tibias  were  measured  by  caliper  twice  weekly.  Since  the  CWR22  cell 
line  is  androgen  dependent,  animals  received  daily  i.p.  injections  of  testosterone 
suspended  in  DMSO  (1  mg/kg,  daily).  The  tumors  grew  slowly  over  the  initial  20 
days,  but  at  this  point  tumors  were  evident  and  treatment  began.  As  in  the  sub¬ 
cutaneous  model  studies,  LVCN  as  well  as  unencapsulated  VCN  were  administered 
twice  weekly  via  i.v.  injection  (100  \ig  per  dose  for  5  weeks).  LVCN  displayed  a  sig¬ 
nificant  inhibition  of  tumor  growth  as  compared  to  VCN,  PBS  and  empty  liposomes 
(Fig.  19.9).  Studies  to  evaluate  bone  loss  are  ongoing. 

Preliminary  Evaluation  of  LVCN  Acute  Toxicity 

The  toxicity  of  a  single  intravenous  dose  of  VCN  or  LVCN  prepared  by  homoge¬ 
nization  was  evaluated  using  a  rat  model.  Wistar  rats  (120-130  g)  were  assigned  to 
12  groups  of  3  animals  each,  including  2  control  groups  (PBS  and  empty  liposome 
control),  and  10  experimental  groups  that  received  VCN  or  LVCN  preparations 
(3,  10,  25,  and  75  mg/kg  for  VCN  and  1,  3,  10,  25,  50,  and  75  mg/kg  for  LVCN). 
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Animals  were  given  a  single  administration  of  the  test  agents  and  evaluated  for 
signs  of  physical  toxicity  or  stress  over  14  days,  and  then  sacrificed  at  day  14. 
Signs  of  toxicity  were  monitored  via  physical  status,  activity  level  and  total  body 
weight;  following  sacrifice,  gross  and  microscopic  pathology  was  performed  and 
hematological  properties  were  analyzed.  There  were  no  adverse  effects  observed  in 
the  any  of  the  treated  animals.  Animals  in  all  treatment  groups  thrived  and  gained 
weight  indistinguishable  from  the  control  groups.  There  were  no  observed  changes 
in  behavior  immediately  following  agent  administration,  nor  throughout  the  14  day 
study.  Gross  examination  following  sacrifice  revealed  no  changes  in  tissue  or  organ 
histopathology  between  control  and  treated  animals.  There  were  no  significant  dif¬ 
ferences  in  hematological  parameters  between  even  the  highest  dose  (75  mg/kg) 
and  control  (Table  19.2).  Microscopic  examination  of  major  body  organs  revealed 
that  there  was  no  observable  inflammation,  no  significant  cellular  alterations  and  no 
visible  hemorrhagic  changes  in  the  microscopic  sections. 


Conclusions  and  Future  Directions  of  Disintegrins 
as  Anti-Angiogenics 

Anti-angiogenic  agents  currently  in  clinical  trials  and  clinical  use  including  mon¬ 
oclonal  antibodies,  such  as  bevacizumab,  which  specifically  inhibits  the  VEGF-A 
signaling  cascade,  or  small-molecule  inhibitors  of  signaling  pathways,  are  limited 
in  that  they  target  a  specific  single  pathway  within  the  tumor  or  angiogenic  vascu¬ 
lature.  While  such  specific  targeting  strategies  may  be  initially  effective,  tumors 
can  develop  resistance  to  anti-angiogenic  therapies,  reviewed  by  Kerbel  (2001a, 
2001b).  For  example,  VEGF-A  can  be  replaced  by  other  redundant  signaling  mech¬ 
anisms,  including  other  VEGF  family  members  or  pathways  unrelated  to  VEGF, 
during  tumor  progression.  This  would  enable  a  tumor  to  escape  the  effects  of  the 
single  target  VEGF-A  blockade.  In  addition,  targeting  a  single  pathway  applies  a 
positive  selective  pressure  upon  tumor  cells  such  that  resistant  variants  may  be  gen¬ 
erated  through  mutation.  Tumors  can  also  evade  anti-angiogenic  agents  through  the 
emergence  of  hypoxia-resistant  mutants  that  are  less  dependent  on  angiogenesis. 
Changes  in  the  structure  of  tumor  vasculature  towards  a  more  mature  phenotype 
might  also  promote  resistance.  Therefore,  the  development  of  drug  resistance  is  a 
significant  concern  in  the  design  of  novel  anti- angiogenic  therapies. 

As  previously  discussed,  integrins  play  a  central  role  in  a  number  of  key  path¬ 
ways  in  tumor  progression,  including  cell  migration,  invasion,  adhesion,  metastasis 
and  angiogenesis.  Integrin  antagonists  can  therefore  be  expected  to  impact  all  of 
these  pathways  and  have  a  more  broad-spectrum  effect  upon  tumor  cells.  Such 
an  approach  alleviates  the  problem  of  drug  resistance  since  multiple  pathways  are 
being  targeted  simultaneously.  Since  the  disintegrin  class  of  integrin  antagonists  are 
small  peptides,  which  do  not  appear  to  be  toxic  nor  do  they  activate  the  immune 
system,  and  thus  potential  side  effects  are  minimized.  Utilizing  liposome  tech¬ 
nology,  a  clinically  relevant  method  for  the  administration  and  delivery  of  the 
disintegrins  has  been  developed  and  has  proven  to  be  effective  in  a  number  of  mouse 
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models  without  significant  toxicity.  Employing  a  fully  functional  recombinant  vari¬ 
ant  of  CN,  VCN,  expressed  in  a  highly  modified  E.  coli  expression  system,  which 
has  been  described  elsewhere  (Minea  et  al.,  2005)  provides  a  clear  path  for  the 
clinical  translation  of  this  molecule  .  This  advance  in  the  production  and  valida¬ 
tion  of  recombinant  VCN  solves  an  important  supply  problem  faced  by  the  natural 
venom  purified  disintegrin  and  will  allow  further  development  as  a  clinical  agent. 
Therefore,  while  current  therapies  have  been  promising,  disintegrins  represent  an 
attractive  alternative  to  conventional  anti-angiogenic  agents. 
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Abstract 

Similar  to  other  integrin-targeting  strategies,  disintegrins  have  previously  shown  good  efficacy  in  animal  cancer  models  with 
favorable  pharmacological  attributes  and  translational  potential.  Nonetheless,  these  polypeptides  are  notoriously  difficult  to 
produce  recombinantly  due  to  their  particular  structure  requiring  the  correct  pairing  of  multiple  disulfide  bonds  for 
biological  activity.  Here,  we  show  that  a  sequence-engineered  disintegrin  (called  vicrostatin  or  VCN)  can  be  reliably 
produced  in  large  scale  amounts  directly  in  the  oxidative  cytoplasm  of  Origami  B  E.  coli.  Through  multiple  integrin  ligation 
(i.e.,  ocv(33,  av(35,  and  cx5(31),  VCN  targets  both  endothelial  and  cancer  cells  significantly  inhibiting  their  motility  through  a 
reconstituted  basement  membrane.  Interestingly,  in  a  manner  distinct  from  other  integrin  ligands  but  reminiscent  of  some 
ECM-derived  endogenous  anti-angiogenic  fragments  previously  described  in  the  literature,  VCN  profoundly  disrupts  the 
actin  cytoskeleton  of  endothelial  cells  (EC)  inducing  a  rapid  disassembly  of  stress  fibers  and  actin  reorganization,  ultimately 
interfering  with  EC's  ability  to  invade  and  form  tubes  (tubulogenesis).  Moreover,  here  we  show  for  the  first  time  that  the 
addition  of  a  disintegrin  to  tubulogenic  EC  sandwiched  in  vitro  between  two  Matrigel  layers  negatively  impacts  their  survival 
despite  the  presence  of  abundant  haptotactic  cues.  A  liposomal  formulation  of  VCN  (LVCN)  was  further  evaluated  in  vivo  in 
two  animal  cancer  models  with  different  growth  characteristics.  Our  data  demonstrate  that  LVCN  is  well  tolerated  while 
exerting  a  significant  delay  in  tumor  growth  and  an  increase  in  the  survival  of  treated  animals.  These  results  can  be  partially 
explained  by  potent  tumor  anti-angiogenic  and  pro-apoptotic  effects  induced  by  LVCN. 
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Introduction 

Despite  the  tremendous  progress  made  in  the  last  decades  in 
deciphering  the  molecular  intricacies  of  various  signaling  circuit¬ 
ries  that  operate  aberrantly  in  cancers  and  the  therapeutic 
advancement  seen  with  some  of  the  newer  anti-cancer  modalities 
recently  approved  by  the  FDA,  such  as  humanized  monoclonal 
antibodies  directed  at  VEGF-A  (vascular  endothelial  growth  factor 
A)  and  receptor  tyrosine  kinases  [1,2]  or  non-peptide  tyrosine 
kinase  inhibitors  [3,4],  the  5-year  prognosis  for  most  solid  tumors 
remains  reserved.  Consequently,  there  is  still  a  significant  need  to 
identify  new  drug  candidates  with  broader  spectrums  of  activity 
directed  at  signaling  platforms  (regulatory  molecular  hubs)  shared 
by  distinct  cancer  processes,  which  are,  thus,  able  to  simulta¬ 
neously  target  multiple  pathological  aspects  of  cancer  (for  instance, 
both  tumor  angiogenesis  and  metastasis)  with  fewer  side  effects. 
The  ability  of  transformed  cells  to  evade  the  restrictive 


environmental  control  exerted  by  the  normal  tissue  architecture 
and  grow  in  an  anchorage-independent  fashion  is  one  of  cancer’s 
hallmarks  [5] .  One  class  of  cell-surface  receptors  known  to  play  a 
critical  role  in  the  process  leading  to  the  acquisition  of  an 
anchorage-independent  phenotype  is  represented  by  the  integrins 

i6i- 

Integrins  are  heterodimeric  receptors  that  evolved  to  mediate 
the  complex  cell-ECM  interactions  that  regulate  the  ability  of  cells 
to  mechanically  sense  their  environment  by  assembling  complex 
multimolecular  platforms  capable  of  integrating  multiple  signaling 
pathways  initiated  by  extracellular  cues  with  the  cellular 
cytoskeleton.  In  the  ecology  of  multicelular  organisms  integrins 
are  major  contributors  to  the  homeostasis  of  tissue  architecture  by 
keeping  epithelial  cells  in  a  differentiated,  specialized  state  [7]. 
Conversely,  as  epithelia  transition  to  malignancy  they  evade  the 
microenvironmental  constraints  by  both  altering  their  integrin 
affinity  and  avidity  for  ECM  proteins  (inside-out  signaling)  and/ or 
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shifting  their  integrin  expression  [6,8].  The  precise  roles,  however, 
played  by  different  integrin  subunits  in  various  aspects  of  tumor 
progression  and  why  some  integrins  appear  to  be  especially 
supportive  of  tumor  progression  [9]  are  still  not  fully  understood. 
Despite  these  limitations,  due  to  their  pivotal  roles  in  cancer 
biology,  integrins  represent  attractive  therapeutic  targets.  For 
instance,  although  it  doesn’t  seem  to  be  essential  for  the  formation 
of  vasculature  during  development  [10],  nor  during  physiological 
angiogenesis  associated  with  wound  healing  or  tissue  repair 
[11,12],  the  (33  integrin  appears  to  be  critically  involved  in  the 
regulation  of  pathological  angiogenesis  [13].  Therefore,  the 
pharmacological  blockade  of  the  (33  integrin  has  been  demon¬ 
strated  to  significantly  reduce  tumor  angiogenesis  in  numerous 
cancer  models,  a  finding  that  has  eventually  led  to  the 
development  of  several  drug  candidates  currently  in  clinical  trials 

[14.15] .  Similarly,  ocv(35  and  oc5(3l  as  well  as  a  number  of  other 
integrins  (notably  a2(3l,  a4(3l,  and  oc6(34)  have  also  been  shown  to 
play  important  roles  in  tumor  angiogenesis,  their  pharmacological 
targeting  by  soluble  ligands  or  monoclonal  antibodies  leading  to 
reduced  tumor  microvessel  density  in  various  cancer  models 

[12.16] .  Furthermore,  at  least  some  of  the  complex  effects  elicited 
by  several  endogenous  ECM-derived  antiangiogenic  fragments 
(e.g.,  endostatin,  tumstatin,  endorepellin,  etc)  are  attributed  to 
direct  integrin  engagement  [17,18].  In  this  report,  we  provide 
further  evidence  in  support  of  the  above  therapeutic  paradigm  by 
showing  that  the  efficient  disruption  by  a  member  of  the 
disintegrin  family  of  multiple  integrin  pathways  upregulated  in 
cancer  is  followed  by  significant  tumor  anti-angiogenic  and  pro- 
apoptotic  effects. 

Disintegrins  are  among  the  most  potent  soluble  ligands  of 
integrins  representing  a  class  of  cysteine-rich  polypeptides 
historically  isolated  from  the  venoms  of  snakes  belonging  to  the 
Viperidae  family  [19].  These  small  polypeptides  hold  a  significant 
translational  potential  as  anti-cancer  agents  based  on  their  anti¬ 
angiogenic  and  anti-metastatic  effects  demonstrated  in  various 
experimental  settings  [20,21,22].  The  integrin-binding  activity  of 
disintegrins  depends  on  the  appropriate  pairing  of  several  cysteine 
residues  responsible  for  the  disintegrin  fold,  a  mobile  1 1  -amino 
acid  loop  protruding  from  the  polypeptide  core  displaying  a  tri¬ 
peptide  motif,  usually  RGD  (Arg-Gly-Asp),  that  is  conserved  in 
many  disintegrins  [23,24].  Although  these  molecules  naturally 
evolved  to  efficiently  bind  to  the  activated  platelet-specific  integrin 
allb(33,  thus  disrupting  the  process  of  platelet  aggregation  (the 
final  step  in  blood  clotting),  most  purified  snake  venom  disintegrins 
are  rather  promiscuous  in  that  they  bind  to  several  (31,  (33  or  (35 
integrin  members,  albeit  with  different  affinities  and  selectivity 
[25].  Two  of  the  most  studied  native  disintegrins  are  the 
homodimeric  contortrostatin  (CN)  [26]  and  the  monomeric 
echistatin  [20].  Similar  to  echistatin,  the  anti-tumor  activity  of 
CN  is  based  on  its  high  affinity  interaction  with  integrins  oc5  (31, 
otv(33  and  ocv(35  on  both  cancer  and  angiogenic  endothelial  cells 
[27,28,29].  In  a  previous  study  [22]  we  showed  that  a  liposomal 
formulation  of  CN  limited  tumor  growth  and  significantly  reduced 
microvascular  density  in  a  xenograft  animal  cancer  model.  We 
provided  evidence  that  CN  can  be  safely  and  effectively 
administered  intravenously  by  a  clinically  acceptable  delivery 
method  (i.e.,  liposomal  delivery)  and,  by  doing  so,  CN  passively 
accumulates  at  the  tumor  site.  Furthermore,  liposomal  CN  did  not 
interact  with  the  components  of  blood  coagulation  system  nor 
elicit  a  neutralizing  antibody  immune  response.  For  eventual 
clinical  use,  however,  the  direct  isolation  of  native  CN  from  crude 
venom  would  be  laborious  and  prohibitively  expensive  since  this 
polypeptide  only  exists  as  a  very  minor  fraction  relative  to  other 
venom  components. 


Vicrostatin  (VCN)  is  a  chimeric  disintegrin  generated  recombi- 
nantly  by  grafting  the  C-terminal  tail  of  viperid  snake  venom 
disintegrin  echistatin  to  the  sequence  of  crotalid  disintegrin 
contortrostatin  (CN);  we  have  previously  shown  [30]  that  this 
novel  sequence  could  be  produced  as  an  active  polypeptide  in 
Origami  B  E.  coli.  Here,  we  show  that  VCN  retains  the  binding 
profile  of  CN  yet  it  engages  integrins  in  a  unique  manner.  As 
previously  shown  with  native  CN,  VCN  also  appears  to  engage 
integrins  agonistically  thus  behaving  like  a  soluble  ECM-mimetic. 
Via  agonistic  integrin  ligation  in  the  absence  of  tethering,  VCN 
appears  to  inappropriately  elicit  a  cascade  of  signaling  events 
rapidly  leading  to  actin  stress  fibers  disassembly  in  HUVEC 
(human  umbilical  vein  endothelial  cells)  plated  on  complete 
Matrigel.  Moreover,  in  a  manner  reminiscent  of  some  ECM- 
derived  endogenous  anti-angiogenic  fragments  [31,32,33],  VCN 
interferes  with  the  assembly  of  a  dynamic  actin  cytoskeleton  in 
tubulogenic  HUVEC  sandwiched  between  two  Matrigel  layers, 
negatively  impacting  the  survival  of  these  cells.  Finally,  in  an  effort 
to  address  our  main  goal  of  developing  an  efficient  and  clinically 
relevant  delivery  method  for  recombinant  disintegrins,  VCN  was 
packaged  in  a  liposomal  formulation  (LVCN)  and  further 
evaluated  for  in  vivo  efficacy. 

Materials  and  Methods 

Ethics  Statement 

All  animals  involved  in  this  study  were  handled  and  euthanized 
in  strict  accordance  with  good  animal  practice  as  defined  by  the 
strict  guidelines  of  the  Institutional  Animal  Care  and  Use 
Committee  (IACUC)  of  the  University  of  Southern  California. 

Controtrostatin  purification 

Venom  of  Agkistrodon  contortrix  contortrix  was  purchased  from 
Miami  Serpentarium  (Punta  Gorda,  FL).  CN  was  purified  in  a 
four-step  high-performance  liquid  chromatography  (HPLC)  pro¬ 
cedure  according  to  an  established  protocol  [26]. 

Cells  and  reagents 

The  MDA-MB-435  cells  were  obtained  from  Dr.  Janet  Price 
(MD  Anderson  Cancer  Center,  Houston,  TX)  and  the  MDA-MB- 
231  cells  from  Dr.  Toshiyuki  Yoneda  (Osaka  University,  Osaka, 
Japan).  HUVEC  were  purchased  from  PromoCell  (Heidelberg, 
Germany)  and  maintained  according  to  the  manufacturer’s 
protocol.  The  Origami  B  (DE3)  E.  coli  strain  and  pET32a 
expression  vector  carrying  the  bacterial  thioredoxin  A  gene  {trxA) 
were  purchased  from  Novagen  (San  Diego,  CA).  The  oligonucle¬ 
otide  primers  used  for  rCN  and  VCN  cloning  were  synthesized  by 
Operon  Biotechnologies,  Inc.  (Huntsville,  AL).  A  southern 
copperhead  venom  gland  cDNA  library,  a  mouse  CN  monoclonal 
antibody,  and  rabbit  CN  polyclonal  antiserum  (Alpha  Diagnostic 
Inti.,  San  Antonio,  TX)  are  available  in  the  Markland  laboratory 
at  the  University  of  Southern  California.  ‘Endothelial  Cell  Tube 
Formation’  plates  were  purchased  from  BD  Biosciences  (Bedford, 
MA).  The  tube  formation  inhibitor  Suramin,  the  actin  modifier 
Cytochalasin  D  (CytoD),  and  the  cyclo(Arg-Gly-Asp-DPhe-Val) 
peptide  (cRGDfV)  were  purchased  from  Calbiochem  (San  Diego, 
CA).  The  fluorometric  cell  invasion  assay  kit  (QCM™  24-Well 
Cell  Invasion)  was  from  Millipore  (Billerica,  MA).  The  complete 
Matrigel  was  from  BD  Biosciences.  Recombinant  tobacco  etch 
virus  (TEV)  protease,  Calcein  AM,  and  Rhodamine-Phalloidin 
were  purchased  from  Invitrogen  (Carlsbad,  CA).  A  column-based 
fluorescein  isothiocyanate  (FITC) -labeling  kit  (EZ-Label)  and  an 
endotoxin  removal  kit  were  purchased  from  Pierce  (Rockford,  IL). 
The  DeadEnd™  Fluorometric  TUNEL  (terminal  deoxynucleoti- 
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dyl  transferase  dUTP  nick  end  labeling)  assay  kit  was  from 
Promega  (Madison,  WI).  The  non-selective  protein  kinase 
inhibitor  Staurosporine  (STSP)  was  from  Cayman  Chemical 
(Ann  Arbor,  MI).  The  murine  (33  integrin  7E3  antibody  was  a  gift 
from  Dr.  Marian  Nakata  (Centocor,  Horsham,  PA).  The  murine 
ocv(33  integrin  antibody  LM609  was  from  Millipore.  The  CD31 
polyclonal  antibody  (MEC13.3)  was  from  BD  Pharmingen 
(Franklin  Lakes,  NJ).  The  Ki-67  (H-300),  a  focal  adhesion  kinase 
(FAK)  polyclonal  (A- 17),  and  all  secondary  antibodies  were 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  A 
FAK  monoclonal  antibody  (clone  77)  was  from  BD  Biosciences.  A 
phosphotyrosine  monoclonal  antibody  (P-Tyr-102)  was  from  Cell 
Signaling  Technology  (Danvers,  MA).  Purified  soluble  ocv(33  and 
ocv(35  integrins  were  purchased  from  Millipore  and  soluble 
recombinant  oc5(3l  integrin  from  R&D  Systems  (Minneapolis, 
MN).  All  other  reagents  were  purchased  from  Sigma  Chemical 
Co.  (St.  Louis,  MO).  Avastin  was  a  gift  from  Dr.  Agustin  Garcia 
(Norris  Comprehensive  Cancer  Center,  University  of  Southern 
California). 

Construction  of  rCN  and  VCN  expression  vectors  and 
recombinant  production 

rCN  and  VCN  were  cloned  into  pET32a  vector  downstream  of 
thioredoxin  A  (TrxA)  using  a  Bglll/Ncol  set  of  restriction  enzymes. 
The  forward  primers  for  both  rCN  and  VCN  introduced  a  unique 
TEV  protease  cleavage  site,  which  made  possible  the  removal  of 
thioredoxin  during  purification.  To  build  the  VCN  construct,  the 
nucleotides  encoding  the  C -terminal  tail  of  echistatin  were  added  to 
CN  via  an  elongated  reverse  primer.  The  primers  used  for  rCN 
were:  forward  -  5 '  gttccagatctcgagaatctttacttccaaggagacgctcctg- 

caaatccgtgctgcga3 ' ,  and  reverse  -  5 ' gttattcgccatggcttaggcatggaagg- 
gatttctgggacagccagcaga3'.  The  primers  used  for  VCN  were: 
forward  -  5 '  gttccagatctcgagaatctttacttccaaggagacgctcctgcaaatccg- 
tgctgcga3 ' ,  and  reverse  -  5 '  gttattcgccatggcttaagtagctggacccttgtggg- 
gatttctgggacagccagcagatatgcc3 ' .  Both  plasmids  were  initially  am¬ 
plified  in  DH5oc  E.  coli,  purified  and  sequenced,  and  then  transferred 
into  Origami  B  (DE3)  E.  coli.  Multiple  cultures  were  established  for 
each  construct  from  individual  colonies  of  transformed  BL2 1  (DE3), 
AD494  (DE3)  or  Origami  B  (DE3)  in  LB  media  containing  either 
carbenicillin  (50  jig/mL)  alone,  or  carbenicillin  (50  Jig/mL)  plus 
kanamycin  (15  jig/ mL)  or  carbenicillin  (50  jig/mL)  plus  tetracy¬ 
cline  (12.5  jig/ mL),  plus  kanamycin  (15  jig/ mL)  and  grown  at  37°C 
and  250  rpm  in  a  shaker-incubator  until  they  reached  an  OD60o  of 
0.6-1.  At  this  point,  the  cells  were  induced  in  1  mM  IPTG 
(isopropyl- 1- (3-D -thio-l-galactopyranoside)  and  incubated  for  an¬ 
other  4-5  hours  at  37°C  and  250  rpm.  At  the  end  of  the  induction 
period,  the  cells  were  pelleted  at  4000  Xg  and  lysed  in  a 
microfluidizer  (Microfluidics  M-110L,  Microfluidics,  Newton, 
MA).  The  operating  conditions  of  the  microfluidizer  included 
applied  pressures  of  14,000-18,000  psi,  bacterial  slurry  flow  rates  of 
300-400  ml  per  minute  and  multiple  passes  of  the  slurry  through 
the  processor.  The  lysate  insoluble  cellular  debris  was  removed  by 
centrifugation  (40,000  xg)  and  the  soluble  material  containing  either 
Trx-rCN  or  Trx-VCN  collected.  The  expressed  fusion  proteins  in 
the  collected  soluble  lysates  were  then  proteolysed  by  incubation 
with  recombinant  TEV  protease  overnight  at  room  temperature 
which  efficiently  cleaved  off  rCN  or  VCN  from  TrxA  as  monitored 
by  SDS-PAGE  (sodium  dodecyl  sulfate -polyacrylamide  gel  electro¬ 
phoresis).  When  proteolysis  was  complete,  the  proteolyzed  lysates 
were  passed  through  a  0.22  Jim  filter,  diluted  1:100  in  ddH20, 
ultrafiltrated  through  a  50,000  MWGO  cartridge  (Biomax50, 
Millipore)  and  then  reconcentrated  against  a  5,000  MWGO 
cartridge  (Biomax5,  Millipore)  using  a  tangential  flow  ultrafiltration 
device  (Labscale  TFF  system,  Millipore). 


Purification  of  recombinant  disintegrins 

This  was  done  by  Cl  8-reverse  phase  HPLC  using  the 
standard  elution  conditions  previously  employed  for  the 
purification  of  native  GN  [26].  The  filtrated  lysates  processed 
as  described  above  were  loaded  onto  a  Vydac  C18  column 
(218TP54,  Temecula,  CA).  A  ten-minute  rinse  (at  5  ml/min)  of 
the  column  with  an  aqueous  solution  containing  0.1%TFA  was 
followed  by  a  linear  gradient  (0-100%)  elution  over  150  min  in 
a  mobile  phase  containing  80%  acetonitrile  and  0.1%TFA.  rCN 
starts  eluting  in  30%  acetonitrile,  while  VGN  elutes  in  35% 
acetonitrile. 

Inhibition  of  platelet  aggregation 

The  inhibition  of  ADP-induced  platelet  aggregation  by 
recombinant  disintegrins  was  determined  by  measuring  the  light 
absorption  of  human  platelet-rich  plasma  (PRP)  in  a  specialized 
spectrophotometer  (Chrono-log  490  optical  aggregometer, 
Ghrono-log,  Havertown,  PA)  as  previously  described  [22].  The 
FITC -labeled  disintegrins  (FITG-GN  and  FITC-VCN)  and  the 
liposomal  formulations  of  VCN  were  also  tested  for  activity  against 
platelets. 

Mass  spectrometry  (MS)  analysis  and  sequencing  by 
tryptic  digestion 

The  MS  analysis  (MALDI-TOF  and  ESI)  was  initially  done  by 
Dr.  Kym  Faull  (University  of  California  at  Los  Angeles)  and  the 
subsequent  sequencing  by  Dr.  Ebrahim  Zandi  (Keck  School  of 
Medicine,  University  of  Southern  California).  For  sequencing,  the 
purified  recombinant  disintegrins  were  reduced,  alkylated  and 
digested  with  trypsin  at  37°C  overnight.  The  resultant  digestion 
peptides  were  then  used  in  the  tandem  LC/MS/MS  for  sequence 
analysis.  The  LG  consists  of  a  reverse  phase  C-18  column  through 
which  peptides  were  eluted  into  the  mass  spectrometer  using  the 
following  gradients:  5-60%  acetonitrile  +0.1%  formic  acid  over 
75  min  and  50—90%  acetonitrile  +0.1%  formic  acid  over  10  min. 
Tandem  MS /MS  spectra  was  acquired  with  Xcalibur  software  on 
a  linear  ion  trap  LTQ,  instrument.  Data  was  analyzed  using 
Bioworks,  the  SEQUEST  algorithm  and  Sage-N  Sorcerer  to 
determine  cross-correlation  scores  between  acquired  spectra 
and  NCBI  protein  FASTA  databases  or  any  other  databases  as 
needed. 

FAK  phosphorylation  studies 

Serum-starved  MDA-MB-435  cells  were  harvested  by  limited 
trypsin/EDTA  treatment  [34]  and  maintained  in  suspension 
before  being  exposed  for  10-30  min  to  different  concentrations  of 
either  native  CN  or  VGN.  The  cells  were  lysed  and  the  soluble 
fraction  immunoprecipitated  with  a  polyclonal  FAK  antibody 
(clone  A- 17)  and  further  assayed  by  Western  blotting  [34,35].  The 
transferred  proteins  were  probed  with  either  a  p-Tyr  antibody  (P- 
Tyr-102,  Cell  Signaling  Technology,  Danvers,  MA)  or  a 
monoclonal  FAK  antibody  (clone  77). 

Cell  surface  binding  studies  by  flow  cytometry 

HUVEC,  MDA-MB-231  or  MDA-MB-435  cells  were  grown  to 
early  confluency  and  starved  overnight  in  serum-free  media.  The 
cells  were  harvested  and  resuspended  in  1  ml  of  serum-free  media 
(5xl05  cells/condition)  before  being  incubated  with  different 
treatments  or  controls  for  30  min  at  37°C.  At  the  end  of  the 
incubation  period,  the  cells  were  pelleted,  washed  in  ice-cold  PBS 
containing  5%  fetal  bovine  serum  and  either  analyzed  in  a 
FACSCalibur  scanner  or,  depending  on  the  assay,  further 
incubated  at  4°C  for  30  min  intervals  with  additional  treatments. 
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All  cells  were  counterstained  with  propidium  iodide  to  allow  gating 
of  necrotic  cells.  For  each  reading,  10,000  cells  per  sample  were 
analyzed. 

Integrin  binding  kinetics  by  fluorescence  polarization 
(FP) 

Differing  concentrations  of  purified  soluble  functional  integrins 
(i.e.,  ocv(33,  ocv(35  or  oc5(3l)  were  incubated  with  a  constant  amount 
of  FITG -labeled  VCN  or  GN  using  an  established  protocol  [36]. 
Upon  binding  to  the  much  larger  integrin,  the  fluorescent  tag  on 
either  disintegrin  tumbles  in  solution  at  a  slower  rate  compared  to 
the  unbound  state  resulting  in  increased  levels  of  polarization. 
The  measured  FP  value  is  a  weighted  average  of  FP  values  of  the 
bound  and  free  fluorescent  disintegrins  and  is  therefore  a  direct 
measure  of  the  bound  fraction.  The  data  were  analyzed  as  for 
standard  radioligand  binding,  and  kinetics  of  binding  determined 
using  Scatchard  analysis  and  a  non-linear  curve  fit.  The  data 
were  generated  in  a  PTI  QuantaMaster  QM-4SE  spectrofluo- 
rometer  (Photon  Technology  International,  Birmingham,  NJ) 
using  the  PTI  FeliX32  software  for  data  acquisition  and 
Prism  v3.02  (GraphPad  Software,  La  Jolla,  GA)  for  data 
analysis. 

Cell  viability  studies 

HUVEG,  MDA-MB-231  or  MDA-MB-435  cells  were  plated  in 
serum-free  media  on  Matrigel-coated  multi-well  glass  chamber 
slides  (5  xlO4  cells /well)  and  allowed  to  adhere.  Native  CN  or 
VCN  were  added  to  the  wells  at  concentrations  ranging  from  1— 
1000  nM.  Cells  receiving  no  treatment  or  a  known  apoptosis 
inducer  (Staurosporine)  were  used  as  controls.  The  cell  viability  for 
each  condition  was  assessed  after  incubation  times  up  to  48  hr 
both  colorimetrically  using  the  Cell  Titer  96  AQueous  cell  viability 
kit  (Promega,  Madison,  WI)  according  to  the  manufacturer’s 
protocol  and  by  TUNEL  staining.  For  TUNEL,  the  cells  were 
stained  using  the  DeadEnd™  Fluorometric  kit  (Promega, 
Madison,  WI),  and  then  counterstained  with  Hoechst  33342. 
The  TUNEL-  and  Hoechst-stained  areas  were  quantitated 
digitally  by  pixel  counting  on  images  taken  from  multiple  slides 
per  condition  using  the  ‘SimplePCI’  imaging  software  (Hama¬ 
matsu  Corporation,  Sewickley,  PA). 

Inhibition  of  cell  invasion 

The  ability  of  disintegrins  to  block  the  invasion  of  HUVEC, 
MDA-MB-231  or  MDA-MB-435  cells  through  a  reconstituted 
basement  membrane  was  assessed  using  the  fluorometric  QGM™ 
24-Well  Cell  Invasion  kit  (Millipore,  Billerica,  MA).  The  cells  were 
serum-starved  overnight,  harvested,  resuspended  in  serum-free 
media  (lxlO6  cell/ml)  and  incubated  in  the  presence  of  various 
concentrations  (0—1000  nM)  of  either  native  CN  or  VCN  for 
10  min  at  37°C.  The  assay  was  done  according  to  the 
manufacturer’s  protocol  and  used  HT1080  conditioned  media  as 
a  chemoattractant.  The  invasion  plates  were  incubated  for  up  to 
48  hr  (depending  on  the  cell  line)  at  37°C  in  the  presence  of  5% 
C02.  At  the  end  of  the  incubation  period,  the  invaded  cells  were 
detached,  lysed  and  quantitated  using  the  DNA-binding  fluores¬ 
cent  dye  Cy  QUANT.  The  relative  fluorescence  was  measured  in  a 
SPECTRAmax  GeminiEM  fluorescent  plate  reader  (Molecular 
Devices,  Sunnyvale,  CA)  and  the  numbers  averaged  and  plotted 
for  each  condition. 

Inhibition  of  HUVEC  tube  formation 

‘Endothelial  Tube  Formation’  plates  precoated  with  Matrigel 
(BD  Biosciences,  Bedford,  MA)  were  used  according  to  the 


manufacturer’s  protocol.  HUVEC  were  seeded  in  triplicate 
(3xl04  cells/well)  in  the  presence  of  various  concentrations  (0— 
1000  nM)  of  either  native  CN  or  VCN  and  incubated  for  16  hr  at 
37°C  in  the  presence  of  5%C02.  The  tube  formation  inhibitor 
Suramin  was  used  as  a  positive  control.  At  the  end  of  incubation 
period,  cells  were  stained  with  Calcein  AM  and  imaged  by 
confocal  microscopy  (LSM  510  Confocal/ Titanium  Sapphire 
Laser).  The  total  length  of  tubes  for  each  condition  was 
quantitated  in  multiple  fields  using  the  Zeiss  LSM  Image  Browser 
(Carl  Zeiss  Microimaging  GmbH,  Munich,  Germany)  and 
averaged  from  at  least  three  independent  experiments. 

Disruption  of  actin  cytoskeleton  organization 

HUVEC  grown  in  complete  media  were  seeded  in  triplicate  in 
8-well  chamber  slides  coated  with  complete  Matrigel  (4  x  104  cells/ 
well).  Each  well  received  different  concentrations  of  various 
treatments  {including  FITC-CN,  FITC-VCN,  the  cyclic  RGD 
peptide  cyclo(Arg-Gly-Asp-DPhe-Val)  (abbreviated  cRGDfV),  the 
murine  7E3  or  LM609  monoclonal  antibodies}.  The  actin 
modifier  Cytochalasin  D  (CytoD)  was  used  as  a  positive  control. 
The  cells  were  incubated  with  the  treatments  for  3  hr  at  37°C  in 
the  presence  of  5%C02.  At  the  end  of  the  incubation  period,  the 
cells  were  washed,  incubated  with  secondary  treatments  (depend¬ 
ing  on  the  condition),  fixed  in  4%  formaldehyde,  permeabilized  in 
0.1%  Triton  X-100  in  PBS,  and  then  stained  with  Rhodamine- 
Phalloidin  and  counter-stained  with  Hoechst  33342  before  being 
imaged  by  confocal  microscopy  (LSM  510  Confocal/Titanium 
Sapphire  Laser). 

In  vitro  Matrigel-embedded  HUVEC  apoptosis  studies 

HUVEC  seeded  in  serum-free  media  in  8-well  chamber  slides 
coated  with  complete  Matrigel  (4xl04  cells/well)  were  allowed  to 
adhere  before  being  sandwiched  with  another  layer  of  Matrigel 
that  was  uniformly  pipetted  on  top  of  the  adherent  cells.  The 
second  Matrigel  layer  was  allowed  to  settle  before  various 
treatments  were  added  and  chambers  incubated  at  37°C  in  the 
presence  of  5%C02  for  approximately  16  hr.  At  the  end  of  the 
incubation  period,  the  cells  were  fixed  in  4%  formaldehyde, 
permeabilized  in  0.2%  Triton  X-100  in  PBS,  TUNEL  stained 
using  the  DeadEnd™  Fluorometric  kit  (Promega,  Madison,  WI), 
and  counterstained  with  Rhodamine-Phalloidin  and  Hoechst 
33342.  The  %  cell  death  was  quantitated  in  random  fields  taken 
at  x250  magnification  using  the  formula  ‘number  of  TUNEL+ 
nuclei/ total  number  of  nuclei  x  100’  for  each  treatment  group.  The 
TUNEL-  and  Hoechst-stained  areas  were  quantitated  digitally  by 
pixel  counting  on  images  taken  in  random  fields  from  multiple 
slides  per  condition  using  the  ‘SimplePCI’  imaging  software 
(Hamamatsu  Corporation,  Sewickley,  PA). 

Liposomal  encapsulation  of  VCN 

This  procedure  was  carried  out  by  Molecular  Express,  Inc  (Los 
Angeles,  CA)  a  company  specializing  in  liposomal  encapsulation  of 
therapeutic  proteins  and  other  drugs.  Briefly,  stock  solutions  of 
phospholipids  and  cholesterol  were  prepared  by  dissolving  each 
lipid  in  a  chloroform/methanol  solvent  mixture.  Thin  lipid  films 
were  created  by  pipetting  aliquots  of  the  lipid  solutions  into  round 
bottom  glass  tubes  followed  by  solvent  evaporation  at  65 °C  under 
a  stream  of  nitrogen  gas  with  the  lipids  and  cholesterol  further 
dried  under  vacuum  for  48  hours.  Dried  VCN  was  then  dissolved 
in  a  hydration  buffer  (10  mM  sodium  phosphate  and  262  mM 
sucrose,  pH  7.2)  and  added  to  the  dried  lipids.  After  5  min 
incubation  at  50°C,  liposomal  VCN  (LVCN)  particles  were 
generated  by  either  probe  sonication  at  10%  power  for  3  to 
5  min  in  a  Branson  Probe  Sonifier  or  homogenized  in  a 
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microfluidizer  (M110L;  Microfluidics,  Newton,  MA).  The  homog¬ 
enized  material  was  processed  between  10,000  and  18,000  psi 
while  maintaining  an  elevated  temperature  (45— 65 °C).  Samples 
from  each  batch  were  taken  during  the  process  and  the  size 
distribution  of  LVCN  was  determined  with  an  Ultrafine  Particle 
Analyzer  (UPA150;  Microtrac,  North  Largo,  FL).  After  process¬ 
ing,  the  unencapsulated  VGN  in  each  batch  was  removed  by 
ultrafiltration  using  an  Amicon  UF  membrane  of  100,000  MWCO 
and  the  LVCN  was  further  sterilized  by  filtration  through  a 
0.2  pM  PVDF  filter. 

In  vivo  efficacy  studies 

MDA-MB-435  cells  (5xl05  per  inoculum)  or  MDA-MB-231 
cells  (2xl06  per  inoculum)  were  harvested  and  resuspended  in 
complete  Matrigel  and  injected  in  the  mammary  fat  pads  of  nude 
mice  as  previously  described  [22].  The  tumors  were  allowed  to 
grow  for  2  weeks  or  until  they  became  palpable  before  treatment 
was  initiated.  VCN  was  administered  either  encapsulated  in 
different  liposomal  formulations  (at  the  dose-equivalent  of  100  pg 
of  dry  VCN  per  injection)  or  non-encapsulated,  as  an  aqueous 
solution  (100  pg  VCN).  All  VCN  administrations  were  made 
intravenously  (via  tail  vein)  twice  a  week  for  the  duration  of  each 
study.  Avastin  was  administered  intravenously  (via  tail  vein)  at  the 
dose  of  400  pg  per  injection  (approx.  20  pg/gr.)  once  a  week  for 
the  duration  of  the  MDA-MB-231  study.  Tumor  diameters  were 
measured  weekly  with  a  caliper  in  a  blind  fashion  and  the  tumor 
volumes  calculated  using  the  formula  [length  (mm)  x  width 
(mm)2]/2,  where  the  width  and  the  length  were  the  shortest  and 
longest  diameters,  respectively  [37].  The  average  tumor  volume 
for  each  study  group  was  plotted  as  a  function  of  time  and  type  of 
treatment  during  the  entire  course  of  each  study. 

Tumor  microvessel  quantitation 

Acetone-fixed  5  pm-thick  cryostat  sections  cut  from  MDA-MB- 
231  tumors  were  air  dried  for  30  min  before  being  blocked  in  5% 
BSA  in  PBS  and  incubated  overnight  with  a  rat  polyclonal  CD31 
antibody  (clone  MEC13.3)  at  room  temperature.  The  working 
dilution  for  this  antibody  was  1/100  in  5% BSA  in  PBS.  After 
washing  off  the  unbound  CD  31  antibody,  a  biotinylated  goat  anti¬ 
rat  antibody  (1/150  in  5%BSA  in  PBS)  was  applied  for  45  min  at 
room  temperature  followed  by  the  Avidin  Binding  Complex 
(Vector  Laboratories,  Burlingame,  CA)  for  another  30  min  and 
the  addition  of  3-amino-9-ethylcarbazole  chromogen  (a  peroxidase 
substrate).  The  slides  were  counterstained  with  hematoxylin.  To 
quantitate  the  CD31 -stained  microvessels,  the  slides  were 
subjected  to  ‘random  field’  analysis  [38,39].  Random  field  images 
were  captured  at  x200  (10  images  were  analyzed  per  tumor  and  4 
random  tumors  were  analyzed  from  each  animal  group).  The 
CD31 -positive  areas  were  quantitated  for  each  random  field  as  % 
of  total  stained  area  by  pixel  counting  using  the  ‘SimplePCI’ 
imaging  software  (Hamamatsu  Corporation,  Sewickley,  PA).  To 
eliminate  bias,  the  random  field  image  capture  and  the  subsequent 
processing  and  analysis  were  carried  out  in  a  blind  fashion. 

TUNEL  and  Ki-67  staining  of  tumor  sections 

For  tumor  apoptosis,  the  DeadEnd™  Fluorometric  TUNEL 
assay  kit  (Promega,  Madison,  WI)  was  used  according  to  the 
manufacturer’s  protocol.  Importantly,  we  found  that  the  TUNEL 
staining  was  optimal  only  when  the  cryostat  sections  were  fixed 
and  permeabilized  in  a  cold  ethanol/acetic  acid  (2/1)  bath  for 
5  min  at  —  20°C.  Any  other  fixation  and/or  permeabilization 
technique  yielded  suboptimal  staining  results.  However,  this  above 
approach  is  not  compatible  with  CD  31  antibody  staining,  which 
works  best  on  either  not-fixed  or  acetone-fixed  tissues.  After 


TUNEL  staining,  the  nuclei  were  counterstained  with  Hoechst 
33342.  The  nuclei  from  apoptosis  ‘hotspot’  areas  were  digitally 
counted  (object  counting)  using  the  SimplePCI  imaging  software 
on  random  images  (at  least  10  images  per  tumor  from  multiple 
tumors  per  group)  captured  at  x250.  The  %  of  cell  death  was 
plotted  using  the  formula  ‘number  of  TUNEL+  nuclei/total 
number  of  nuclei  xl00’  for  each  treatment  group.  For  Ki-67 
staining,  a  primary  rabbit  antibody  (clone  H-300)  and  a 
biotinylated  anti-rabbit  secondary  were  used.  The  sections  were 
acetone-fixed,  incubated  with  the  antibodies  and  prepared  for 
immunoperoxidase  staining  as  described  above  for  CD  31  staining. 
The  Ki-67+  nuclei  were  quantitated  by  pixel  counting  as  %  of  total 
stained  area  as  described  above  for  CD31. 

Statistical  analysis 

Statistical  significance  was  analyzed  in  Prism  v.3.2  (GraphPad 
Software,  La  Jolla,  CA)  by  unpaired  t-test  followed  by  F-test  to 
compare  variances.  The  tumor  volume  distribution  and  immuno- 
histochemistry  data  were  assessed  by  analysis  of  variance 
(ANOVA)  with  a  significant  overall  F-test  followed  by  Dunnett’s 
multiple  comparison  tests  of  treatment  groups  relative  to  control. 
Two-tailed  P<0.05  were  considered  significant. 

Results 

The  recombinant  production  of  VCN  as  an  active  soluble 
protein 

The  expression  of  recombinant  disintegrins  was  done  in 
Origami  B  (DE3),  a  strain  uniquely  designed  to  address  the 
shortcomings  of  disulfide-rich  recombinant  protein  production  in 
wild-type  E.  coli.  This  strain  is  engineered  to  produce  defective 
forms  of  two  redox  enzymes  that  are  critically  involved  in 
controlling  the  major  reductive  pathways  in  this  bacterium: 
thioredoxin  reductase  (TrxB)  and  glutathione  reductase  (Gor).  In 
the  absence  of  functional  cytoplasmic  TrxB  and  Gor  enzymes,  the 
redox  equilibrium  in  this  E.  coli  strain  is  shifted  towards  oxidation, 
a  redox  state  that  greatly  promotes  disulfide  bond  formation  in 
heterologous  proteins  expressed  in  this  compartment  [40]. 

The  Origami  B  strain  is  better  suited  for  recombinant  protein 
expression  than  most  other  commercially  available  E.  coli  strains 
since,  in  addition  to  providing  a  favorable  environment  for 
disulfide  bond  formation,  by  being  a  derivative  of  the  BL2 1  strain 
it  is  also  deficient  in  ompT  and  Ion  proteases.  Moreover,  this  strain 
is  lac  permease  (lacTl)  deficient,  a  feature  that  enables  a  uniform 
entry  of  IPTG  (a  lactose  derivative  commonly  employed  to  trigger 
the  expression  of  recombinant  proteins  engineered  downstream  of 
a  lac  promoter)  into  cells  with  a  more  homogenous  level  of 
induction  and,  consequently,  adjustable  levels  of  protein 
expression. 

The  pET32a  expression  vector  and  the  T7  system  are  designed 
for  robust  expression  of  heterologous  proteins  fused  to  the  109 
amino  acid  bacterial  thioredoxin  A  (TrxA)  in  DE3  lysogens.  In 
wild- type  E.  coli ,  TrxA  normally  functions  as  a  major  cytoplasmic 
reductase  under  tight  regulatory  control.  However,  in  the  Origami 
strain,  the  oxidative  redox  state  perpetuated  by  defective  TrxB  and 
Gor  enzymes  ‘tricks’  this  bacterium  into  producing  compensatory 
higher  amounts  of  TrxA  reductase  in  an  attempt  to  restore  the 
wild-type  redox  equilibrium  which  in  turn  drives  the  robust 
expression  of  any  recombinant  protein  genetically  fused  to  TrxA. 
Another  advantage  of  expressing  heterologous  proteins  fused  to 
TrxA  is  the  high  solubility  of  this  bacterial  protein,  the  result  of 
which  is  that  TrxA  internally  chaperones  the  recombinant  protein 
fused  to  it  thus  keeping  it  in  solution  and  allowing  for  higher  levels 
of  foreign  protein  accumulation  in  the  cytoplasm  [40] . 
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To  explore  the  recombinant  production  of  disintegrins  in 
Origami  B  (DE3)  we  generated  two  constructs:  one  based  on  the 
exact  sequence  of  native  CN  (referred  to  as  rCN)  and  a  chimeric 
construct,  previously  designated  as  rCN+  [30] ,  but  now  referred  to 
as  vicrostatin  (VCN).  The  VGN  construct  was  designed  by 
replacing  the  G -terminal  tail  of  native  CN  with  the  tail  of  another 
native  disintegrin,  echistatin,  a  short  length  viperid  disintegrin. 
The  sequence  alignment  of  CN,  rCN,  VCN  and  echistatin  (also 
known  as  echistatin  alpha)  [20]  are  shown  in  Fig.  1.  The  rationale 
for  the  VCN  design  was  based  on  the  finding  that  the  C -termini  of 
snake  venom  disintegrins  are  important  structural  elements 
essential  for  full  disintegrin  activity,  and  have  been  shown  to 
participate  in  the  ligation  of  the  receptor  together  with  the 
disintegrin  loop  [41].  In  addition,  a  previous  report  [42]  had 
demonstrated  that  the  swapping  of  C -terminal  tails  between  two 
native  disintegrins  may  actually  lead  to  the  generation  of  novel 
chimeric  molecules  capable  of  recognizing  specific  integrins  with 
altered  binding  affinities.  Our  expectation  for  VCN  was  that,  by 
carrying  a  modified  C -terminus,  it  would  display  an  improved 
affinity  compared  to  the  native  molecule  for  integrin  0(5(31,  a 
major  player  in  angiogenesis.  The  participation  of  multiple  regions 
in  disintegrins  in  receptor  binding  emphasizes  the  complexity  of 
these  bigger  polypeptides  compared  to  small  cyclic  RGD  peptides 
or  RGD-peptidomimetics.  Moreover,  these  structural  differences 
are  also  expected  to  be  reflected  at  the  functional  level,  and  in  this 
report  we  provide  the  evidence  that  this  is  the  case. 

By  employing  the  recombinant  system  described  above,  two 
fusion  proteins  (Trx-rCN  and  Trx-VCN)  were  successfully 
expressed  in  the  cytoplasm  of  Origami  B  (DE3)  (see  Fig.  2A  for 
a  comparison  of  Trx-VCN  expression  levels  in  different  expression 
hosts;  the  data  on  Trx-rCN  is  not  shown).  Although  the  expression 
of  Trx-VCN  was  robust  in  Origami  B  (DE3),  by  growing  these 
transformants  in  a  modified  media  recipe  we  have  been  able  to 
boost  the  recombinant  production  level  of  VCN  by  at  least  one 
order  of  magnitude  to  a  final  expression  yield  of  approximately 
200  mg  of  active  purified  disintegrin  per  liter  of  bacterial  culture. 

A  unique  tobacco  etch  virus  (TEV)  protease  cleavage  site  was 
engineered  upstream  of  both  disintegrin  constructs  in  order  to 
facilitate  their  subsequent  cleavage  from  TrxA.  TEV  is  a  highly 
selective  protease  that  recognizes  with  very  high  specificity  the 
canonical  Glu-Asn-Leu-Tyr-Phe-Gln-Gly  amino  acid  sequence 
[43]  therefore  leaving  the  target  recombinant  proteins  intact.  This 
high  specificity  makes  TEV  an  ideal  molecular  tool  for  processing 


recombinant  proteins  expressed  as  fusions.  Moreover,  TEV  is  a 
cysteine  protease  that  relies  on  reducing  equivalents  (e.g., 
dithiothreitol)  in  order  to  be  regenerated  and  act  continuously. 
The  addition  of  reducing  equivalents  during  the  purification 
process,  however,  could  be  detrimental  to  the  integrity  of  any 
expressed  recombinant  proteins  that  rely  on  multiple  disulfide 
bonds  for  activity.  However,  we  found  that  the  addition  of 
exogenous  reducing  equivalents  to  Origami  B  lysates  enriched  in 
Trx-VCN  or  Trx-rCN  was  in  fact  not  necessary  for  efficient 
proteolysis,  since  the  bacterial  lysates  provided  enough  reducing 
equivalents  for  TEV  regeneration.  Therefore,  the  mere  addition  of 
a  few  units  of  recombinant  TEV  was  sufficient  to  optimally  process 
large  quantities  of  expressed  fusions  (Fig.  2B).  The  released 
recombinant  disintegrins  were  further  processed  and  purified  by 
reverse  phase  HPLC  using  a  protocol  originally  designed  for 
native  disintegrins  (see  Materials  and  Methods). 

Initial  evaluation  of  recombinant  disintegrins  for  activity 

The  two  purified  recombinant  molecules  were  initially  tested  for 
activity  against  platelets.  Presumably,  the  main  function  of  snake 
venom  disintegrins  in  nature  is  to  bind  with  very  high  affinity  to 
the  activated  platelet  ocIIb(33  integrin,  thus  efficiently  inhibiting 
[20]  the  last  step  in  the  blood  clotting,  platelet  aggregation,  a 
process  mediated  by  platelet  integrin  0(IIb(33.  To  our  surprise,  the 
platelet  aggregation  assay  showed  that  only  chimeric  VCN 
retained  full  activity  against  activated  0(IIb(33  integrin  (with  a 
calculated  IC50  of  ~60  nM),  whereas  the  rCN  construct  showed 
no  activity  in  the  nanomolar  range  characteristic  of  snake  venom 
disintegrins  (Fig.  2C).  It  appears  that  the  latter  construct,  although 
soluble,  had  failed  to  fold  correctly  in  the  region  where  the  binding 
site  of  the  molecule  resides  (i.e.,  the  11 -amino  acid  disintegrin 
loop). 

Mass  spectrometry  analysis  and  sequencing  of  VCN 

Interestingly,  the  MS  analysis  (MALDI-TOF  and  ESI)  demon¬ 
strated  that,  unlike  native  CN,  VCN  is  a  monomer 
(MW  —  1 146.0).  The  sequence  was  subsequently  confirmed  by 
tryptic  MS  sequencing.  Based  on  these  data,  we  speculated  that 
although  VCN  folded  correctly  in  the  C -terminal  half  of  the 
molecule,  hence  being  a  functional  disintegrin,  it  may  have 
adopted  a  non-native  cysteine  pairing  in  the  N-terminal  half  of  the 
molecule  compared  to  CN  [24]  which  compromised  its  dimeriza¬ 
tion  (see  Fig.  1  for  disulfide  bond  configuration  of  native  CN). 


Contortrostatin  or  CN  (homodimer,  65  amino  acids  per  chain) 
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Recombinant  contortrostatin  or  rCN  (monomer,  66  amino  acids) 

GDAPANPCCDAATCKLTTGSQCADGLCCDQCKFMKEGTVCRPARGDDLDDYCNGISAGCPRNPFHA 

Vicrostatin  or  VCN  (monomer,  69  amino  acids) 

GDAPANPCCDAATCKLTTGSQCADGLCCDOCKFMKEGTVCPRARGDDLDDYCNGISAGCPRNP//KGTAT 

Echistatin  (monomer,  49  amino  acids) 
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1 - 10 - :c - 3<J - «C - 5H - 6'j - 69 


Figure  1.  Comparison  between  contortrostatin  (CN),  recombinant  contortrostatin  (rCN),  vicrostatin  (VCN),  and  echistatin 
sequences.  Mass  spectrometry  and  crystallographic  data  have  confirmed  that  CN  is  a  dimer  with  two  identical  chains  oriented  in  an  antiparallel 
fashion  and  held  together  by  two  interchain  disulfide  bonds.  Unlike  native  CN,  mass  spectrometry  showed  that  both  rCN  and  VCN  are  monomers.  In 
the  above  sequences,  the  Arg-Gly-Asp  tripeptide  motif  is  depicted  in  bold  whereas  the  non-native  amino  acids  in  rCN  and  VCN  are  both  italicized  and 
underlined. 
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Figure  2.  The  expression,  purification  and  initial  characterization  of  VCN  as  an  active  disintegrin.  Panel  A  -  The  production  of  Trx-VCN 
was  assessed  in  different  E.  coli  strains  that  were  transformed,  grown,  induced,  and  processed  under  identical  conditions.  The  same  amount  (5  pi)  of 
cell  lysates  from  each  induced  strain  was  loaded  on  a  precast  gel  and  Coomassie  stained.  Unlike  the  BL21  (DE3)  strain,  the  lysates  from  both  AD494 
(DE3)  and  Origami  B  (DE3)  strains  generate  a  unique  and  consistent  Trx-VCN  band  (shown  by  the  arrow).  By  employing  a  modified  media  recipe,  the 
Origami  B  (DE3)  Trx-VCN  transformants  achieve  higher  cell  densities  at  the  end  of  the  induction  time,  generating  up  to  200  mg  of  soluble  VCN  per  L 
of  bacterial  culture  after  purification.  Panel  B  -  Coomassie  stained  gel  showing  the  migration  of  Trx-VCN  before  and  after  TEV  proteolysis  (lanes  2 
and  3,  respectively)  versus  Cl  8  reverse  phase-HPLC  purified  VCN  (lane  4).  Panel  C  -  VCN  and  native  CN  exhibit  an  almost  identical  dose-dependent 
inhibitory  effect  against  ADP-induced  platelet  aggregation  when  incubated  with  human  platelet-rich  plasma  (with  a  calculated  IC50  of  —60  nM).  In 
contrast,  the  rCN  construct,  which  is  also  expressed  as  a  soluble  polypeptide  in  Origami  B  (DE3),  shows  no  inhibitory  activity.  Panel  D  -  The  agonistic 
activity  of  VCN  (FAK  activation)  was  assessed  in  serum-starved  non-migratory  MDA-MB-435  cells  kept  in  suspension  and  exposed  to  increasing 
concentrations  of  disintegrins  for  30  min.  Similar  to  dimeric  CN,  VCN  is  also  shown  to  engage  integrins  agonistically  (outside-in  signaling). 
doi:1 0.1 371/journal.pone.OOI  0929.g002 


Focal  adhesion  kinase  (FAK)  phosphorylation  studies 

Native  CN  was  previously  shown  to  bind  to  integrins 
agonistically  [34,44],  while  acting  as  a  potent  soluble  ECM- 
mimetic  [35].  Interestingly,  depending  of  the  cellular  context 
(adherent  vs.  suspended  cells)  CN  was  previously  shown  to  alter 
the  phosphorylation  status  of  FAK  (i.e.,  one  of  the  earliest 
signaling  events  downstream  of  integrin  engagement)  by  either 
activating  (in  serum-starved  cancer  cells  kept  in  suspension  in 
serum-free  media  and  receiving  no  external  input  via  integrins 
other  than  the  disintegrin  treatment)  or  deactivating  (in  adherent 
cells  plated  on  various  matrices)  this  non-receptor  kinase  [35].  In 
the  present  study  we  wanted  to  understand  whether  VCN:  1. 
retains  the  ability  of  native  CN  to  signal  via  integrins  agonistically 
in  serum-starved  non-migratory  suspended  cells  receiving  no 
external  input  other  than  disintegrins,  and  2.  has  the  same  potency 
as  CN  by  evoking  this  downstream  signal  in  a  dose-dependent 
manner.  Our  data  suggest  that  indeed  VCN  also  engages  integrins 
agonistically  (Fig.  2D),  with  a  similar  potency  and  in  a  dose- 
dependent  manner  comparable  to  native  CN.  These  new  data 


imply  that  the  previously  described  signaling  effects  of  CN  [44] 
observed  downstream  of  integrins  in  suspended  cells  were  not  in 
fact  owing  to  CN’s  dimeric  structure  (i.e.,  signaling  via  receptor 
crosslinking),  but  may  have  rather  been  the  result  of  an  intrinsic 
property  of  the  disintegrin  fold,  common  to  all  disintegrins 
regardless  of  their  tertiary  structure. 

Cell  surface  binding  analysis  by  flow  cytometry 

The  ability  of  VCN  to  mimic  the  binding  behavior  of  native  CN 
against  different  cell  lines,  as  well  as  in  the  presence  of  EDTA  or 
specific  competitors,  was  tested  by  flow  cytometry  (Fig.  3).  Our 
results  show  that  FITC-labeled  VCN  has  a  similar  binding  profile 
to  CN  against  HUVEC,  MDA-MB-231  and  MDA-MB-435  cells. 
These  cells  were  chosen  because  they  all  express  varying  amounts 
of  the  RGD-dependent  integrins  av(33,  ocv(35  and  0(5(31,  the  targets 
of  CN,  VCN  and  other  ligands  used  in  the  study.  We  tested  these 
cells  by  flow  cytometry  for  cell  surface  integrin  expression  and 
found  that  there  was  a  little  difference  in  the  relative  amounts  of 
integrins  0(v(35  and  0(5(31  expressed  by  these  cells,  but  a  significant 
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Figure  3.  Binding  analysis  of  FITC-labeled  disintegrins  by  flow  cytometry.  Panel  A  -  Both  CN  and  VCN  are  detected  at  cell  surface  when 
probed  with  CN  polyclonal  antiserum.  MDA-MB-435  cells  were  incubated  with  either  VCN  (red)  or  CN  (green)  followed  by  CN  rabbit  polyclonal 
antiserum  and  an  anti-rabbit  FITC-labeled  secondary  antibody.  The  controls  included  cells  incubated  with  either  anti-rabbit  FITC-labeled  secondary 
only  (grey)  or  CN  antiserum  followed  by  the  FITC-labeled  secondary  (blue).  Panels  B,  C  -  FITC-CN  (panel  B)  or  FITC-VCN  (panel  C)  fail  to  bind  to  cells 
prewashed  in  EDTA  media,  but  once  bound  in  regular  media  the  subsequent  addition  of  EDTA  does  not  displace  them  from  integrins.  MDA-MB-435 
cells  were  either  incubated  with  FITC-labeled  disintegrins  only  (grey)  or  with  labeled  disintegrins  and  then  washed  and  resuspended  in  3  mM  EDTA 
media  (green)  or  preincubated  in  3  mM  EDTA  and  then  washed  and  exposed  to  labeled  disintegrins  (red)  or  just  probed  with  an  FITC-labeled 
irrelevant  antibody  control  (blue).  Panels  D,  E  and  F  -  Labeled  disintegrins  bind  in  a  similar  manner  to  cells  with  different  integrin  profiles.  MDA-MB- 
435,  MDA-MB-231  or  FIUVEC  were  either  incubated  with  FITC-CN  (green)  or  FITC-VCN  (red)  or  probed  with  an  FITC-labeled  irrelevant  antibody  control 
(blue).  Panels  G,  H,  I  and  J  -  FITC-labeled  disintegrins  fail  to  bind  to  cells  pretreated  with  either  unlabeled  disintegrins  or  an  antibody  competitor. 
MDA-MB-435  or  MDA-MB-231  cells  (panels  G  and  FI)  were  either  incubated  with  FITC-CN  only  (grey)  or  an  FITC-labeled  irrelevant  antibody  control 
only  (blue)  or  preincubated  with  unlabeled  VCN  (green)  or  7E3  (red)  and  then  probed  with  FITC-CN.  Similarly,  MDA-MB-435  or  MDA-MB-231  cells 
(panels  I  and  J)  were  either  incubated  with  FITC-VCN  only  (grey)  or  an  FITC-labeled  irrelevant  antibody  control  only  (blue)  or  preincubated  with 
unlabeled  CN  (green)  or  7E3  (red)  and  then  probed  with  FITC-VCN.  The  data  are  representative  of  four  independent  experiments. 
doi:1 0.1 371/journal.pone.OOI  0929.g003 


difference  with  respect  to  integrin  ocv(33  expression  with  MDA- 
MB-435  expressing  much  higher  amounts  of  this  integrin 
compared  to  the  other  two  cell  lines,  and  MDA-MB-231 
expressing  the  least  amount.  We  also  found  that  cell  surface- 
bound  VCN  is  recognized  by  rabbit  polyclonal  CN  antiserum  and 
bound  VCN  has  the  ability  to  block  the  binding  of  FITC-labeled 
CN,  while  a  specific  competitor,  the  7E3  antibody  raised  against 
(33  integrin,  is  shown  to  block  the  binding  of  both  FITC-labeled 
CN  and  VCN.  Interestingly,  regarding  the  latter  observation,  the 
converse  appears  to  be  also  true  for  bound  CN  alone,  Trx-VCN 
alone,  or  VCN  plus  polyclonal  CN  antiserum,  since  all  these 
prevented  the  binding  of  7E3  to  the  cell  surface.  However,  VCN 
alone  did  not  (data  not  shown),  which  led  us  to  the  conclusion  that 
7E3’s  binding  site  on  (33  integrin  [45]  must  map  very  closely  to  the 
ligand-recognition  region  for  both  disintegrins.  As  reported  by 
Artoni  et  al.  [45]  7E3’s  binding  site  was  mapped  between  the 
C177-C184  loop  and  W129  residue  in  human  (33  integrin  subunit, 
in  a  region  that  is  spatially  close  to  the  (33  subunit  MIDAS  (metal¬ 
ion  dependent  binding  site),  where  the  Asp  residue  of  the  RGD 
motif  is  also  known  to  bind.  Similar  flow  cytometry  results  were 
observed  when  the  cyclic  RGD  peptide,  cyclo(Arg-Gly-Asp-DPhe- 

.'(§).•  PLoS  ONE  |  www.plosone.org  8 


Val)  was  used  as  a  competitor  instead  of  7E3.  When  these  cells 
were  pre-incubated  with  micromolar  concentrations  of  this  cyclic 
RGD  peptide  before  being  exposed  to  fluorescently-labeled 
disintegrins,  the  cyclic  RGD  treatment  also  prevented  the  binding 
of  both  disintegrins.  Unlike  7E3,  the  flow  cytometry  analysis 
showed  that  the  ocv  (3  3 -specific  monoclonal  antibody  LM609  [46] 
does  not  compete  for  the  same  binding  region  with  either  CN  or 
VCN  (data  not  shown).  Finally,  since  the  engagement  of  integrins 
by  disintegrins  was  previously  shown  to  be  a  metal-ion  depended 
process  [41],  we  asked  whether  a  metal  chelator  such  as  EDTA 
will  affect  the  binding  of  both  CN  and  VCN.  As  expected,  both 
CN  and  VCN  did  not  bind  to  cells  that  were  washed  in  3  mM 
EDTA  before  being  exposed  to  either  disintegrin.  However,  once 
CN  or  VCN  bound  to  the  cell  surface,  the  subsequent  addition  of 
EDTA  does  not  appear  to  displace  either  disintegrin  from  their 
receptors  (Fig.  3). 

Integrin  binding  kinetics  by  fluorescence  polarization 

To  further  determine  the  specific  binding  affinities  of  both 
native  CN  and  VCN  to  purified  (otv(33  and  otv(35)  or  recombinant 
(oc5  (31)  functional  integrins,  we  measured  these  interactions  in 
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solution  by  fluorescence  polarization.  From  this  set  of  experiments, 
the  dissociation  constants  for  both  native  CN  and  VCN  (Table  1) 
were  deduced.  These  data  showed  that  both  disintegrins  exhibit 
nearly  identical  affinities  for  av(33  and  a  similar  affinity  for  0(v(35. 
The  prediction  that  the  sequence  modification  of  VCN  would  alter 
its  affinity  for  0(5(31  compared  to  the  native  molecule  was 
confirmed  by  this  assay.  The  results  demonstrated  that  there  is 
at  least  an  order  of  magnitude  difference  in  these  molecules’  Kd 
values  to  0(5(31  with  VCN  showing  a  higher  binding  affinity  for  this 
receptor  (the  average  Kd  values  for  integrin  0(5(31  were  15.2  nM 
for  VCN,  and  191.3  nM  for  native  CN). 

Cell  viability  studies  with  adherent  cells 

To  understand  how  VCN  affects  cell  viability,  we  tested  a  range 
of  CN  and  VCN  concentrations  (1-1000  nM)  on  HUVEC,  MDA- 
MB-231  and  MDA-MB-435  cells  seeded  on  top  of  Matrigel  (see 
Materials  and  methods)  and  compared  the  results  to  either 
untreated  cells  or  cells  exposed  to  Staurosporine,  a  known 
apoptosis  inducer.  Neither  disintegrin  showed  any  significant 
impact  on  cell  viability  regardless  of  the  length  of  the  incubation 
time  (up  to  48  hr)  these  cells  were  exposed  to  disintegrins.  The  cell 
viability  was  monitored  using  a  MTS-based  colorimetric  assay  and 
further  confirmed  by  TUNEL  staining  (Fig.  4).  In  this  later  assay, 
at  the  end  of  the  incubation  period,  the  cells  from  all  conditions 
were  fixed  in  4%  formaldehyde,  permeabilized  in  0.2%  Triton  X- 
100,  FITC-TUNEL  stained,  and  then  counterstained  with 
Hoechst  33342.  The  amount  of  cell  death  was  plotted  for  each 
condition  by  counting  the  apoptosis  events  in  random  fields  from 
multiple  independent  experiments  using  the  formula  ‘number  of 
apoptotic  nuclei/total  number  of  nuclei  x  100’.  Irrespective  of  the 
cells  tested,  neither  CN  nor  VCN  caused  cell  death  under  these 
conditions. 

Inhibition  of  cell  invasion  through  a  reconstituted  cell 
membrane 

The  anti-invasive  properties  of  VCN  were  tested  in  vitro  using  a 
modified  Boyden  chamber  assay  where  serum-starved  HUVEC, 
MDA-MB-231  or  MDA-MB-435  cells  were  preincubated  with 
various  concentrations  of  disintegrins  (1—1000  nM)  for  10  min 
before  being  seeded  into  Matrigel-coated  (ECMatrix™,  Millipore) 
porous  inserts  (pore  size,  8  pm)  and  allowed  to  invade  against  a 
chemoattractant  gradient  (HT1080  human  fibrosarcoma  condi¬ 
tioned  media)  for  up  to  48  hr  (depending  on  the  cell  line).  At  the 
end  of  the  incubation  time,  the  cells  that  invaded  into  the  lower 
chamber  were  detached,  lysed,  stained  with  CyQuant  and 
quantitated  in  a  fluorescent  plate  reader.  The  fungal  metabolite 
Cytochalasin  D,  a  potent  inhibitor  of  actin  polymerization,  was 


Table  1.  Disintegrin-integrin  biding  kinetics  by  fluorescence 
polarization. 


Disintegrin 

Integrin  Kd  (+/-SD) 

avp3  a5pi 

avp5 

CN 

6.6  nM  (0.8)  191.3  nM  (65.2) 

19.5  nM  (5.7) 

VCN 

7.4  nM  (0.4)  15.2  nM  (4.2) 

41.2  nM  (12.3) 

The  binding  kinetics  were  calculated  from  the  fluorescence  anisotropy  data 
generated  by  the  steady  state  binding  of  FITC-labeled  disintegrins  to  either 
purified  (av(33  and  av(35)  or  recombinant  (a5(31)  functional  human  integrins. 
The  dissociation  constants  for  interactions  of  either  CN  or  VCN  with  soluble 
integrins  were  determined  by  Scatchard  analysis  using  a  non-linear  curve  fit. 
doi:1 0.1 371 /journal. pone.001 0929.t001 


used  as  a  positive  control  at  a  concentration  of  200  nM.  Similar  to 
native  CN,  VCN  is  shown  to  significantly  inhibit  HUVEC,  MDA- 
MB-231  or  MDA-MB-435  cell  invasion  in  a  dose-dependent 
manner  (Fig.  5). 

Inhibition  of  HUVEC  tube  formation 

The  ability  of  VCN  to  inhibit  HUVEC  tubulogenesis  was  tested 
in  vitro  in  an  assay  where  HUVEC  were  plated  on  ‘Endothelial  Cell 
Tube  Formation’  plates  (BD  Biosciences)  in  the  presence  of 
various  concentrations  of  either  CN  or  VCN  (1—1000  nM)  and 
allowed  to  form  tubes  after  incubation  for  12—16  hr  at  37°C  in  the 
presence  of  5%C02.  In  this  experimental  setting,  Suramin,  a 
known  tube  formation  inhibitor,  was  used  as  a  positive  control  at 
two  different  concentrations  (50  and  100  pM).  At  the  end  of 
incubation  period,  the  cells  were  stained  with  Calcein  AM  and 
imaged  by  confocal  microscopy.  As  previously  reported  with 
native  CN  [47],  VCN  was  also  shown  to  potently  inhibit  HUVEC 
tube  formation  in  a  dose-dependent  manner  (Fig.  6i).  In  this 
assay,  the  tubes  in  each  field  were  measured  by  three  individuals  in 
a  blinded  experiment  and  the  total  tube  length  averaged  and 
plotted  for  each  data  set  (Fig.  6ii). 

Disruption  of  HUVEC  actin  cytoskeleton  organization 

To  assess  the  effect  of  VCN  on  cell  morphology  and  actin 
cytoskeleton  organization,  HUVEC  were  allowed  to  adhere  to 
complete  Matrigel  before  being  exposed  to  various  treatments. 
Our  results  show  that  unlike  other  integrin  ligands,  including  a 
small  cyclic  RGD  peptide,  and  two  integrin-binding  antibodies 
(7E3  and  LM609),  VCN  potently  collapses  the  actin  cytoskeleton 
of  HUVEC  in  the  low  nanomolar  range  (Fig.  7).  However,  unlike 
VCN  which  exerts  its  maximal  effects  on  the  actin  cytoskeleton  of 
HUVEC  in  the  low  nanomolar  range  (10-100  nM),  the  cyclic 
RGD  peptide  used  in  the  study  appears  to  have  some  minor  effects 
on  the  actin  cytoskeleton  of  these  cells  (i.e.,  partial  disassembly  of 
stress  fibers)  only  at  a  much  higher  concentration  (10  pM). 
Moreover,  the  effect  observed  with  VCN  can  be  only  partially 
prevented  if  the  cells  are  preincubated  with  either  the  7E3 
antibody  or  the  cyclic  RGD  peptide  cRGDfV  before  being 
exposed  to  the  recombinant  disintegrin  (data  not  shown).  It  is 
noteworthy  that  VGN  does  not  detach  HUVEC  plated  on 
Matrigel.  Complete  Matrigel  is  a  tumorigenic  matrix  that  was 
shown  to  be  very  similar  in  ECM  composition  to  basement 
membranes  (it  is  rich  in  collagen  IV  and  laminins)  and  a  number 
of  collagen-  and  laminin-binding  integrins  (e.g.,  0(1(31,  0(2(31,  0(3(31, 
0(6(31,  and  0(6(34)  are  employed  by  various  cells  to  attach  to 
Matrigel  in  a  RGD-independent  manner.  On  the  other  hand, 
VCN  is  an  RGD -displaying  polypeptide  that  was  shown  to  bind  to 
at  least  4  RGD-recognizing  integrins  (i.e.,  0(IIb(33,  0(v(33,  0(v(35, 
and  0(5(31)  but  may,  although  not  investigated  yet,  also  bind  to 
other  RGD-dependent  integrins.  For  instance,  there  are  8  human 
integrin  members  that  have  been  described  to  recognize  the  RGD 
motif:  all  0(v  integrins  (av(3l,  0(v(33,  0(v(35,  0(v(36,  and  0(v(38), 
0(IIb(33,  0(5(31,  and  0(8(3 1 .  Because  HUVEC  do  express  collagen- 
and  laminin-binding  integrins  that  enable  these  cells  to  attach  to 
Matrigel  in  a  RGD-independent  manner,  it  is  not  surprising  that 
VCN  does  not  detach  HUVEC  from  Matrigel  when  these  cells  are 
exposed  to  the  agent.  However,  the  massive  actin  cytoskeleton 
reorganization  induced  by  VCN  in  Matrigel-plated  HUVEC 
raises  the  possibility  that  some  of  these  effects  might  be  relayed 
agonistically  via  one  or  a  combination  of  integrins  that  VCN  is 
know  to  bind  to  (i.e.,  transdominant  integrin  inhibition  via  either 
0(v(33,  av(35,  0(5(31,  or  a  combination  of  these  receptors),  integrins 
that  are  also  expressed  by  these  cells.  Nonetheless,  the  observed 
signaling  events  induced  by  VCN  in  Matrigel-plated  HUVEC 
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Figure  4.  VCN  does  not  affect  the  viability  of  cells  plated  on 
top  of  Matrigel.  HUVEC,  MDA-MB-231  or  MDA-MB-435  cells  were 
seeded  in  serum-free  media  in  multiwell  chamber  slides  on  complete 
Matrigel  and  allowed  to  adhere  for  1  hr.  Once  adherent,  the  cells  were 
incubated  for  up  to  48  hr  with  either  CN  or  VCN  up  to  a  maximum 
concentration  of  1  pM.  Untreated  cells  or  cells  exposed  to  the  apoptosis 
inducer  Staurosporine  (STSP)  at  a  concentration  of  1  pM  were  used  as 
controls.  The  cells  were  fixed,  TUNEL-stained  and  counterstained  with 
Hoechst  33342.  The  amount  of  cell  death  was  plotted  for  each 
condition  by  digitally  counting  the  apoptosis  events  in  random  fields 
from  images  taken  from  multiple  experiments  for  each  condition. 
doi:1 0.1 371/journal.pone.OOI  0929.g004 


need  to  be  further  dissected  at  the  molecular  level  in  order  to 
better  understand  the  complex  integrin  cross-talk  associated  with 
HUVEC  adhesion,  migration  and  invasion  in  tumorigenic 
matrices. 

Induction  of  apoptosis  in  tubulogenic  HUVEC  embedded 
in  Matrigel 

As  stated  above,  VCN  does  not  affect  HUVEC  viability  if 
adherent  cells  plated  on  top  of  Matrigel  are  exposed  to  this  agent, 
but  it  has  significant  anti-proliferative  and  anti-migratory  effects 
(inhibition  of  tube  formation)  on  these  cells.  Interestingly,  when 
HUVEC  are  sandwiched  between  two  layers  of  complete 
Matrigel,  a  significant  apoptotic  effect  is  also  observed  in  the 
presence  of  VCN,  but  not  with  other  integrin  ligands  (Fig.  8i). 
Surprisingly,  a  similar  effect  was  also  seen  with  Avastin  in  this 
setting,  though  less  pronounced  than  with  VCN.  It  is  noteworthy 
that  the  cells  sandwiched  between  two  Matrigel  layers  were 
observed  to  migrate  and  form  tubes  much  faster  than  HUVEC 
plated  on  top  of  Matrigel.  The  faster  migrating  cells  sandwiched  in 
Matrigel  may  rely  more  on  the  integrity  of  their  focal  adhesions 
coupled  with  a  more  dynamic  actin  cytoskeleton  not  only  for 
migration,  but  also  for  survival.  Thus,  the  profound  effect  induced 
by  VCN  on  the  actin  cytoskeleton  of  these  cells  may  explain  the 
discrepancy  seen  in  cell  survival  between  the  two  experimental 
settings.  It  is  also  important  to  note  that,  unlike  the  two  integrin 
binding  antibodies,  the  cRGDfV  peptide  did  alter  the  morphology 
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Figure  5.  VCN  inhibits  cell  invasion  through  a  reconstituted  basement  membrane  in  a  dose-dependent  manner.  The  anti-invasive 
properties  of  VCN  were  tested  in  a  modified  Boyden  chamber  assay  where  serum-starved  HUVEC,  MDA-MB-231  or  MDA-MB-435  cells  were 
preincubated  with  various  concentrations  of  disintegrins  (1-1000  nM)  for  10  min  before  being  seeded  into  Matrigel-coated  (ECMatrix™,  Millipore) 
porous  inserts  (pore  size,  8  pm)  and  allowed  to  invade  against  a  chemoattractant  gradient  (HT1080  human  fibrosarcoma  conditioned  media)  for  up 
to  48  hr.  The  fungal  metabolite  Cytochalasin  D,  a  potent  inhibitor  of  actin  polymerization,  was  used  as  a  positive  control  at  a  concentration  of 
200  nM.  The  above  data  were  averaged  from  three  independent  experiments  for  each  cell  line  tested. 
doi:1 0.1 371/journal.pone.OOI  0929.g005 
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Figure  6.  VCN  inhibits  HUVEC  tube  formation  (tubulogenesis).  (i)  HUVEC  were  plated  on  'Endothelial  Cell  Tube  Formation'  plates  (BD 
Biosciences)  in  the  presence  of  various  concentrations  of  either  CN  or  VCN  (1  -1 000  nM)  and  allowed  to  form  tubes  after  incubation  for  1 2-1 6  hr  at 
37°C  in  the  presence  of  5%C02.  Suramin,  a  known  tube  formation  inhibitor,  was  used  as  a  positive  control  at  two  different  concentrations  (50  and 
100  pM).  At  the  end  of  the  incubation  period,  cells  were  stained  with  Calcein  AM  and  imaged  by  confocal  microscopy  (magnification,  x25). 
Representative  figures  from  three  independent  experiments  are  shown  above  (scale  bar,  200  pm).  (ii)  The  degree  of  tubulogenesis  was  assessed  by 
capturing  multiple  photomicrographs  for  all  conditions  on  which  the  total  length  of  the  tubes  was  measured  and  computed  in  multiple  fields  using 
the  Zeiss  LSM  Image  Browser  (Carl  Zeiss  Microimaging  GmbH)  and  then  averaged  to  form  each  data  point.  The  data  presented  above  was  assembled 
from  three  independent  experiments. 
doi:1 0.1 371/journal.pone.OOI  0929.g006 


of  the  tubes  formed  by  HUVEC  when  sandwiched  in  Matrigel, 
although  to  a  lesser  extend  than  VCN  and  with  no  impact  on  cell 
viability.  The  amount  of  cell  death  was  quantitated  digitally  (the 
‘SimplePCF  software)  for  each  condition  by  counting  the  apoptosis 


events  in  multiple  random  fields  from  images  taken  from  multiple 
experiments  using  the  formula  ‘number  of  apoptotic  nuclei/total 
number  of  nuclei  x  100’.  The  quantitation  data  (Fig.  8ii)  was 
generated  from  four  independent  experiments. 
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Figure  7.  VCN  induces  massive  actin  cytoskeleton  reorganization  in  HUVEC  seeded  on  Matrigel.  HUVEC  were  seeded  in  serum-free 
media  in  multiwell  chamber  slides  on  complete  Matrigel,  allowed  to  adhere,  and  then  treated  for  3  hr  with  various  concentrations  of  cRGDfV  peptide 
(1  and  1 0  pM)  or  FITC-VCN  (1 0  and  1 00  nM)  or  the  monoclonal  antibodies  7E3  (1 00  nM)  or  LM609  (1 00  nM).  When  cells  were  incubated  with  integrin- 
binding  antibodies  (7E3  or  LM609),  a  FITC-conju gated  secondary  antibody  was  used  to  track  these  treatments.  The  actin  modifier  Cytochalasin  D  was 
used  as  a  positive  control  (50  nM).  At  the  end  of  the  incubation  period,  the  cells  from  all  conditions  were  fixed  in  4%  formaldehyde,  permeabilized  in 
0.1%  Triton  X-100,  stained  with  Rhodamine-Phalloidin  and  Floechst  33342,  and  imaged  by  confocal  microscopy.  The  cells  exposed  to  FITC-labeled 
treatments  (VCN  or  integrin-binding  antibodies)  are  triple  stained.  The  images  shown  above  are  Rhodamine-Floechst  only  (panels  A-B  and  E-F),  FITC- 
Floechst  (panels  C2-D2  and  G2-H2)  or  overlayed  three  fluorophores  (panels  CtDt  and  GrFh).  Representative  confocal  images  from  multiple 
experiments  taken  at  the  same  magnification  (x630)  are  shown  above  (scale  bar,  20  pm). 
doi:1 0.1 371/journal.pone.OOI  0929.g007 


Liposomal  encapsulation  of  VCN 

Some  theoretical  advantages  associated  with  liposomal  encap¬ 
sulation  include:  (i)  enhanced  drug  delivery  by  increased  tumor 
entrapment  (passive  targeting),  (ii)  prolonged  drug  half-life  and 
thus  reduced  dosing  frequency,  and  (iii)  fewer  drug-related 
toxicides.  Our  previous  study  showed  that  liposomal  CN  has:  no 
immunogenicity,  extended  circulatory  half-life,  and  undetectable 
non-target  effects  [22].  In  the  present  study,  batches  of  LVCN 
were  prepared  by  sonication  (LVCN-S)  or  homogenization 
(LVCN-H)  using  different  processing  conditions.  Due  to  some 
favorable  structural  attributes  characteristic  of  the  disintegrin  class 
of  polypeptides  (i.e.,  hydrophilicity,  excellent  stability  in  solution, 
at  low  pHs,  in  organic  solvents,  and  to  a  range  of  temperatures), 
we  found  that  CN  and  VCN  can  be  readily  encapsulated  in 
liposomes  with  high  efficiencies  while  retaining  full  biological 
activity.  The  encapsulation  efficiency  for  these  batches  was  70%  or 
greater  (the  average  size  of  homogenized  LVCN  was  83  nm). 


In  vivo  efficacy  studies  with  LVCN 

The  initial  efficacy  evaluation  of  LVCN  formulations  was  done 
in  the  MDA-MB-435  animal  model  [48].  Although  the  breast 
origin  of  this  human  cell  line  is  controversial  and  currently  under 
scrutiny  [49,50],  these  cancer  cells  are  a  high  integrin  ocv(33 
expressor  and  thus  constitute  a  good  model  for  screening 
pharmacological  inhibitors  directed  at  this  receptor.  In  the 
MDA-MB-435  model,  nude  mice  were  inoculated  orthotopically 
(mammary  fat  pads;  5xl05  MDA-MB-435  cells  in  complete 
Matrigel  per  mouse)  and  tumors  allowed  to  grow  until  they 
became  palpable  before  the  treatments  were  initiated.  The  animals 
(n  =  5)  were  treated  twice  a  week  with  liposomal  formulations  of 
VCN  that  were  prepared  either  by  sonication  (LVCN-S)  or 
homogenization  (LVCN-H).  Animals  receiving  saline  or  unencap¬ 
sulated  VCN  (at  the  dose  of  100  jig  per  injection  administered 
twice  weekly  intravenously  via  tail  vein)  were  used  as  controls.  In 
this  animal  model  both  LVCN  formulations  showed  good  tumor 
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Figure  8.  VCN  induces  apoptosis  in  tubulogenic  HUVEC  seeded  between  two  Matrigel  layers.  HUVEC  were  seeded  in  serum-free  media  in 
multiwell  chamber  slides  on  complete  Matrigel,  allowed  to  adhere  for  1  hr  after  which  another  layer  of  complete  Matrigel  was  uniformly  pipetted  on 
top  of  the  adherent  cells.  After  another  hour  of  incubation,  different  treatments  were  added  to  the  media:  either  VCN  (1 00  and  1 000  nM),  the  cRGDfV 
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peptide  (1  and  10  jiM),  Avastin  (100  nM),  the  P3  integrin  7E3  antibody  (100  nM)  or  the  avp3  integrin  antibody  LM609  (100  nM).  Staurosporine  (STSP), 
a  known  HUVEC  apoptosis  inducer  and  actin  modifier,  was  used  as  a  positive  control  at  two  different  concentrations  (100  and  1000  nM).  The  cells 
were  then  incubated  for  16  hr  at  37°C  in  the  presence  of  5%C02.  At  the  end  of  the  incubation  period,  the  cells  from  all  conditions  were  fixed  in  4% 
formaldehyde,  permeabilized  in  0.2%  Triton  X-100,  FITC-TUNEL  stained,  and  counterstained  with  Rhodamine-Phalloidin  and  Hoechst  33342.  (i) 
Representative  confocal  images  from  multiple  experiments  taken  at  x250  magnification  are  shown  above  (scale  bar,  40  pm;  panels  A^  -all 
fluorophores  overlayed,  panels  A2-J2  -  FITC-Hoechst).  (ii)  The  amount  of  cell  death  was  plotted  for  each  condition  by  counting  the  apoptosis  events 
from  multiple  random  fields  using  the  formula  'number  of  apoptotic  nuclei/total  number  of  nuclei  x  1 00'.  The  data  shown  above  was  generated  from 
four  independent  experiments. 
doi:1 0.1 371/journal.pone.OOI  0929.g008 


growth  inhibition  efficacy.  The  model  was  repeated  three  times 
and  the  overall  effect  on  tumor  growth  inhibition  quantitated 
(Fig.  9).  LVCN  was  further  tested  in  the  MDA-MB-231  breast 
carcinoma  model  with  similar  results  (Fig.  10).  In  the  latter  model, 
LVCN  was  compared  to  Avastin  by  looking  at  several  parameters: 
tumor  growth  inhibition  efficacy,  animal  survival  and  reduction  in 
microvessel  density.  Avastin  (bevacizumab),  is  a  monoclonal 
antibody  that  interferes  with  neo-vessel  formation  in  tumors  by 
trapping  an  essential  growth  factor  for  angiogenesis,  VEGF-A 
(vascular  endothelial  growth  factor  A),  currently  representing  the 
gold  standard  for  antiagiogenesis  therapy,  being  approved  by  the 
FDA  for  the  treatment  of  several  types  of  solid  cancers  [5 1] .  In  the 
MDA-MB-231  model  nude  mice  inoculated  orthotopically 
(mammary  fat  pads;  2.5  xlO6  MDA-MB-231  cells  in  complete 
Matrigel  per  mouse)  were  allowed  to  grow  palpable  tumors  before 
treatment  was  initiated.  The  groups  of  animals  (n  =  10)  were 
treated  intravenously  with  either  FVCN-H  or  FVCN-S  (the  dose- 
equivalent  of  100  jig  of  VCN  per  injection)  each  administered 
twice  a  week,  or  Avastin  (400  jig  per  injection;  approx.  20  Jig/gr) 
administered  once  a  week.  The  control  group  received  empty 
liposomes  only.  Another  control  group  received  unencapsulated 
VCN  (at  the  dose  of  100  Jig  per  injection  administered  twice 
weekly  intravenously  via  tail  vein).  When  compared  to  the  empty 
liposomes  group,  a  significant  delay  in  tumor  growth  was  observed 
in  all  treatment  groups.  More  importantly,  in  this  model  FVCN 
was  found  to  significantly  increase  the  survival  of  the  animals 
similar  to  Avastin  (all  control  animals  in  this  model  died  by  the  end 


Figure  9.  The  initial  evaluation  of  liposomal  formulations  of 
VCN  in  the  MDA-MB-435  xenograft  model.  Nude  mice  were 
inoculated  orthotopically  (mammary  fat  pads;  5  x10s  MDA-MB-435  cells 
in  complete  Matrigel  per  mouse)  and  tumors  allowed  to  grow  until  they 
became  palpable  before  the  treatments  were  initiated  (indicated  by  the 
arrow).  The  animals  (n  =  5)  were  treated  twice  a  week  with  liposomal 
formulations  of  VCN  that  were  prepared  either  by  sonication  (LVCN-S) 
or  homogenization  (LVCN-FI).  The  latter  method  of  encapsulation  is 
suitable  for  scale-up  production  and  was  done  in  a  microfluidizer.  All 
LVCN-treated  animals  received  the  dose-equivalent  of  100  jig  of  VCN 
per  injection  and  were  compared  to  a  control  group  that  received  saline 
only.  All  treatments  were  administered  intravenously  twice  a  week  via 
tail  vein.  The  statistical  analysis  was  done  using  ANOVA  with  Dunnett's 
post-hoc  multiple  comparison  tests  (*  signifies  a  P<0.001).  The 
liposomal  formulations  tested  showed  comparable  efficacies.  This 
animal  model  was  repeated  three  times. 
doi:1 0.1 371/journal.pone.OOI  0929.g009 


of  week  7).  As  mentioned,  both  animal  models  included  a  control 
group  that  received  unencapsulated  VCN.  Interestingly,  although 
the  direct  injection  of  unencapsulated  VCN  at  the  above  dose 
appeared  to  be  well  tolerated  by  the  animals  for  the  duration  of  the 
study,  in  neither  model  was  there  a  significant  therapeutic 
response  as  compared  to  the  FVCN  group  (data  not  shown). 

In  vivo  evaluation  of  LVCN  for  anti-angiogenic  activity 

Tumor  specimens  from  the  MDA-MB-231  model  were 
prepared  for  CD31  staining  and  microvessels  quantitated  as 
described  in  the  ‘Materials  and  methods’  section.  Tumor  cryostat 
sections  from  all  groups  were  fixed  in  acetone,  stained  with  a 
polyclonal  CD31  antibody  (clone  MEC13.3)  and  counterstained 
with  hematoxylin.  For  microvessel  quantitation,  random  CD31- 
positive  areas  in  multiple  fields  on  sections  from  multiple  tumors 
were  counted  using  a  computer-assisted  method  (the  ‘SimplePCI’ 
imaging  software)  and  plotted  as  %  of  total  stained  area.  Our  data 
shows  a  dramatic  reduction  (>80%)  in  micro  vessel  density  in  the 
FVCN  group  compared  to  the  empty  liposome  control,  and 
similar  to  the  Avastin-treated  group  (Fig  10). 

In  vivo  evaluation  of  LVCN  for  pro-apoptotic  and 
anti-proliferative  activities 

The  effect  of  FVCN  on  tumor  cell  death  or  proliferation  was 
also  evaluated  in  the  MDA-MB-231  model.  Unlike  the  efficacy 
study,  in  this  study  tumors  were  allowed  to  become  more 
established  (4  weeks  from  inoculation)  before  a  short  course  of 
treatment  (6  doses)  with  either  FVCN  or  Avastin  was  initiated. 
Our  results  show  that  there  was  a  large  difference  in  the  amount  of 
cell  death  (TUNEF  staining)  between  either  FVCN-  or  Avastin- 
treated  groups  and  the  control.  As  mentioned  above,  the  difference 
in  tumor  proliferation  was  assessed  by  Ki-67  staining,  a  commonly 
employed  proliferation  marker  with  prognostic  value  in  various 
human  malignancies  including  breast  cancer  [52,53].  Although 
there  were  statistically  significant  differences  in  the  amount  of  Ki- 
67  staining  between  the  groups,  the  FVCN  group  showing  the 
least  amount  of  staining,  these  differences  were  much  smaller  than 
the  ones  observed  for  cell  death  (Fig.  11).  We  chose  to  quantitate 
the  effects  of  various  treatments  on  tumor  apoptosis  and 
proliferation  in  more  established  tumors  that  received  only  a 
short  course  of  therapy  rather  than  in  tumors  harvested  at  the  end 
of  the  efficacy  study  (after  7  weeks  of  treatment).  The  reason  for 
this  decision  was  because  in  the  study  shown  in  Fig.  10,  despite 
the  significant  differences  found  in  tumor  size  and  animal  survival 
between  the  treated  groups  and  control,  we  did  not  see  similar 
differences  in  tumor  apoptosis  nor  in  proliferation  possibly  due  to 
the  ability  of  both  FVCN  and  Avastin  to  induce  tumor 
stabilization/ dormancy  after  repeated  administration  over  a 
longer  period  of  time  (data  not  shown). 

Discussion 

Tumor  angiogenesis  involves  a  still  poorly  understood  cross¬ 
talk  between  transformed  epithelial  cells  and  quiescent  endo¬ 
thelial  cells  originating  from  preexisting  vessels.  In  this  process, 
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Figure  10.  The  efficacy  and  anti-angiogenic  activity  of  LVCN  in  the  breast  MDA-MB-231  xenograft  model,  (i)  Nude  mice  inoculated 
orthotopically  (mammary  fat  pads;  2.5  xIO6  MDA-MB-231  cells  in  complete  Matrigel  per  mouse)  were  allowed  to  grow  palpable  tumors  before 
treatment  was  commenced  (indicated  by  the  arrow).  The  groups  of  animals  (n  =  10)  were  treated  intravenously  with  either  LVCN-H  or  LVCN-S  (the 
dose-equivalent  of  100  pig  of  VCN  per  injection)  each  administered  twice  a  week,  or  Avastin  (400  pig  per  injection;  approx.  20  pg/gr)  administered 
once  a  week.  The  control  group  received  empty  liposomes  only.  When  compared  to  the  control  group,  a  significant  delay  in  tumor  growth  was 
observed  in  all  treated  groups,  (ii)  The  animal  data  shows  increased  survival  in  all  treated  groups  compared  to  the  control  group  (all  control  animals 
died  by  the  end  of  week  7)  (iii)  Tumor  cryostat  sections  from  all  groups  were  fixed  in  acetone,  stained  with  a  polyclonal  CD31  antibody  (clone 
MEC13.3)  and  counterstained  with  hematoxylin.  Representative  CD31  photomicrographs  are  shown  above  (scale  bar,  100  pm).  (iv)  For  microvessel 
quantitation,  random  CD31 -positive  areas  from  multiple  fields  were  counted  using  a  computer-assisted  method  (the  'SimplePCI'  imaging  software) 
and  plotted  as  %  of  total  stained  area.  Similar  to  Avastin,  our  data  indicates  that  VCN  exhibits  potent  anti-angiogenic  activity  in  this  animal  model. 
ANOVA  was  used  for  statistical  analysis  followed  by  Dunnett's  multiple  comparison  tests  (*  signifies  a  P<0.001). 
doi:1 0.1 371/journal.pone.OOI  0929.g01 0 


events  associated  with  a  complex  deposition  of  a  new  ECM  in 
conjunction  with  multiple  paracrine  and  autocrine  loops  are 
required  to  be  precisely  coordinated  spatiotemporally  for  the 
successful  execution  of  a  specialized  migratory  program 
activated  in  quiescent  endothelial  cells  [54].  As  key  regulators 
of  cell  migration,  integrins  function  as  centripetal  signaling 
platforms  or  functional  hubs  [55]  that  bi-directionally  integrate 
signaling  circuitries  downstream  of  different  classes  of  cell 
surface  receptors  (e.g.,  the  semaphorin/plexin/neuropilin,  the 
growth  factor/receptor  tyrosine  kinase  and  the  cell  surface 
protease  systems)  with  the  cellular  locomotor  apparatus  [56].  In 
angiogenesis,  integrins  are  known  to  regulate  many  cell 
decisions  associated  with  this  program  by  integrating  the 
cellular  viability  pathways  with  various  processes  ranging  from 
ECM  deposition  and  degradation,  directional  endothelial  cell 
migration  and  assembly  into  primitive  cords,  to  lumen 
formation  and  vessel  maturation  [57,58].  The  precise  spatial 
distribution  of  integrin-binding  motifs  encoded  in  normal  and 
oncogenic  variants  of  ECM  polymers  [59]  is  likely  to  represent 
the  most  important  organizing  principle  of  the  dynamics  of  focal 
adhesion  complexes  assembled  across  plasma  membranes, 
which  coordinate  via  integrins  the  motility  in  both  angiogenic 
endothelial  and  metastatic  cancer  cells.  The  efficient  disruption 
of  various  integrin-mediated  interactions  formed  between 
tumorigenic  ECMs  and  angiogenic  EC  in  tumoral  microenvi¬ 


ronments  seems  to  be  critical  from  the  therapeutic  standpoint 
since,  as  recently  reported  [60],  one  important  downside  of 
pharmacologic  VEGF/PDGF  blockade  is  the  persistence  of 
basement  membranes  from  involuted  tumor  vessels  after  both 
EC  and  pericytes  undergo  regression.  This  neo-vascular  ECM 
that  is  left  behind  in  the  course  of  anti-angiogenesis  therapy  is 
suspected  to  provide  a  critical  scaffold  leading  to  a  rapid 
repopulation  of  these  ECM  ‘tracks’  by  new  EC  once  the  anti- 
VEGF/PDGF  treatment  is  discontinued,  in  a  process  in  which 
integrins  probably  play  a  major  role. 

The  critical  involvement  of  integrins  in  both  angiogenesis 
[55,61]  and  tumor  metastasis  [6]  provides  the  rationale  for 
developing  therapeutic  antagonists  aimed  at  disrupting  these 
molecularly  intertwined  processes  [14].  Nonetheless,  the  develop¬ 
ment  of  efficacious  integrin-targeted  anti-cancer  agents  is  compli¬ 
cated  by  the  fact  that  multiple  members  of  the  integrin  family 
appear  to  be  differentially  involved  in  distinct  phases  of  tumor 
angiogenesis  [55]  and  possibly  metastasis,  and  a  clear  understand¬ 
ing  of  what  combination  of  integrins  is  optimally  required  to  be 
simultaneously  targeted  in  order  to  efficiently  disrupt  these 
processes  is  still  lacking.  For  instance,  most  efforts  in  the  past 
were  channeled  at  developing  pharmacological  agents  directed  at 
the  RGD-binding  alphav  integrin  members,  a  subclass  of  integrins 
thought  to  play  pivotal  roles  in  the  regulation  of  pathological 
angiogenesis.  These  efforts  led  to  the  development  of  small  RGD- 
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Figure  11.  LVCN  treatment  shows  enhanced  tumor  apoptosis  in  the  breast  MDA-MB-231  xenograft  model.  For  this  experiment,  MDA- 
MB-231  xenografts  were  allowed  to  grow  to  a  significantly  larger  volume  (4  weeks  after  inoculation)  before  treatments  were  initiated.  The  animals 
received  either  liposomal  VCN  (at  the  dose-equivalent  of  100  pig  of  VCN  per  injection)  or  Avastin  (400  pig  per  injection)  administered  intravenously 
every  other  day  and  compared  to  a  control  group  that  received  saline  only.  All  animals  were  sacrificed  after  receiving  6  consecutive  doses  of  each 
treatment,  (i)  To  assess  the  impact  of  VCN  on  cell  death,  tumor  cryostat  sections  from  each  group  were  stained  with  FITC-TUNEL,  and  counterstained 
with  Floechst  33342.  Representative  confocal  images  from  multiple  experiments  taken  at  x250  magnification  are  shown  above  (scale  bar,  100  jinx- 
panels  AtQ  -  TUNEL-Floechst,  panels  A2-C2  -TUNEL  only),  (ii)  The  amount  of  cell  death  was  quantitated  as  'number  of  TUNEL+  nuclei/total  number  of 
nuclei  x  1 00'  by  counting  all  nuclei  in  'hotspot'  areas  from  multiple  fields  using  a  computer-assisted  approach  (the  'SimplePCI'  imaging  software).  The 
liposomal  VCN  group  shows  a  significantly  increased  amount  of  cell  death  compared  to  either  Avastin  or  control,  (iii)  The  impact  of  VCN  treatment 
on  tumor  proliferation  was  assessed  by  Ki-67  immunoperoxidase  staining.  Representative  Ki-67  images  are  shown  above  (scale  bar,  200  jim).  (iv)  Cell 
proliferation  was  quantitated  using  the  same  approach  as  for  TUNEL  staining.  The  differences  in  cell  proliferation  between  the  treatment  groups  were 
much  smaller  than  those  observed  for  cell  death.  The  data  was  analyzed  with  ANOVA  followed  by  post-hoc  tests  (*  signifies  a  P<0.01). 
doi:1 0.1 371/journal. pone.001 0929.g01 1 


mimetics,  cyclic  RGD  peptides,  and  integrin-targeting  monoclonal 
antibodies  [15,62].  The  striking  discrepancy  that  had  been  noticed 
to  exist,  however,  between  the  genetic  and  pharmacologic  models 
of  alphav  integrin  ablation  [10]  prompted  a  reevaluation  of  these 
receptors  as  regulators  of  angiogenesis  [63]  and  attempted  to 
explain  some  of  the  disappointing  results  generated  with  alphav 
integrin  targeting  agents  in  clinical  trials.  The  fact  that  mice 
deficient  in  either  (33  or  (35  or  both  (33  and  (35  integrins  not  only 
develop  normally,  but  paradoxically  show  an  enhanced  tumor 
angiogenic  response  [10]  when  challenged  postpartum  supports 
the  idea  that  these  two  integrins  might  act  in  a  more  complex  way 
than  originally  thought  as  regulators  of  pathological  angiogenesis, 
and  may  be  endowed  with  an  unexpected  tumor  suppression 
function.  Moreover,  a  tumor  suppression  function  for  alphav 
integrins  appears  to  also  exist  in  epithelial  cells  since  the  genetic 
ablation  of  alphav  integrin  gene  in  epithelial  cells  of  murine  skin 
leads  to  development  of  squamous  cell  carcinomas  [64].  In  order 
to  reconcile  these  contradictory  observations  regarding  the 
contextual  role  of  alphav  integrins  alternative  hypotheses  must 
be  explored.  It  is  conceivable,  for  instance,  that  while  the 


overexpression  of  alphav  integrins  in  angiogenic  endothelial  cells 
may  be  an  important  requirement  in  regulating  the  migration  of 
these  cells  on  solid  ECM  support  (tethered  migration)  which  leads 
to  their  assembly  into  neovessels  (a  net  pro-angiogenic  effect),  in 
the  presence  of  monovalent  soluble  ECM  fragments  a  cascade  of 
inappropriate  signals  might  be  initiated  and  relayed  through  the 
same  alphav  receptors  (in  the  absence  of  tethering)  which 
ultimately  may  lead  to  cessation  of  cell  migration  and  a  dramatic 
reorganization  of  actin  cytoskeleton  in  cells  exposed  to  such 
ligands  (a  net  anti- angiogenic  effect).  Although  in  the  course  of 
pathological  angiogenesis  these  two  mechanisms  might  coexist,  in 
the  tumor  microenvironment  the  abundance  of  pro-angiogenic 
circuitries,  driven  by  a  continuous  deposition  of  new  ECM 
polymers,  appears  to  render  the  anti-angiogenic  signals  ineffectual 
thus  favoring  a  perpetual  state  of  angiogenesis.  Even  though  other 
members  in  the  integrin  family  have  also  been  linked  to  different 
forms  of  angiogenesis  (in  development  vs.  adult  life,  physiological 
vs.  pathological),  we  speculate  that  the  alphav  members  may  play 
critical  roles  in  promoting  and,  possibly  more  importantly, 
terminating  the  cell  migration  events  associated  with  angiogenesis 
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in  adult  life.  This  may  help  explain  the  inconsistency  in  outcomes 
between  genetic  and  pharmacological  models  of  alphav  integrin 
ablation,  providing  a  rationale  for  why  animals  devoid  of  (33  and 
(35  integrins  display  increased  pathological  angiogenesis  postpar¬ 
tum.  A  number  of  endogenous  ECM-derived  fragments  with  anti- 
angiogenic  activity  have  been  characterized  to  date  [17,65],  and 
some  of  these  promising  molecules  were  found  to  bind  to  either 
one  or  multiple  integrin  receptors  (i.e.,  endostatin,  tumstatin, 
arresten,  canstatin,  PEX,  endorepellin  etc)  [66].  It  is  noteworthy 
that  the  integrin  ligation  by  some  of  these  endogenous  fragments 
(i.e.,  endostatin,  endorepellin)  was  shown  to  lead  to  the  collapse  of 
actin  cytoskeleton  and  focal  adhesion  disassembly  in  endothelial 
cells  in  vitro  [32,33].  Interestingly,  these  cell  motility  deactivation 
effects  observed  in  angiogenic  endothelial  cells  with  EGM 
fragments  are  reminiscent  of  those  triggered  by  members  [67,68] 
belonging  to  an  unrelated  class  of  signaling  molecules  (i.e.,  the 
semaphorins)  which  suggest  that  a  high  degree  of  integration  may 
exist  between  the  semaphorin-plexin-neuropilin  and  integrin 
systems  in  controlling  the  actin  cytoskeleton  dynamics  during 
angiogenesis  [57].  It  could  be  argued  that,  if  integrins  physically 
connect  the  actin  cytoskeleton  with  a  plethora  of  complex 
molecules  bound  across  plasma  membrane,  thus  enabling  the 
dynamic  actin  cytoskeleton  in  migratory  cells  to  sense  their 
extracellular  microenvironment,  then  a  pharmacological  agent 
designed  to  efficiently  disrupt  integrins  is  also  expected  to  induce  a 
massive  reorganization  or  collapse  of  actin  cytoskeleton  in  these 
cells.  Since  some  of  the  endogenous  ECM-derived  anti- angiogenic 
fragments  have  already  been  characterized  as  potent  tumor 
suppressors  in  various  animal  models,  the  biggest  stumbling  block 
to  their  successful  clinical  translation  remained  the  ability  to 
produce  them  recombinantly  in  large  scale.  However,  this  proved 
to  be  more  complicated  than  originally  thought  due  to  the  fact  that 
these  ECM  fragments  are  naturally  derived  through  proteolytic 
cleavage  from  higher  molecular  weight  matrix  polymers  which 
makes  them  dependent  on  their  parental  supermolecules  for 
correct  folding  (i.e.,  intramolecular  chaperoning).  Because  of  this, 
these  otherwise  promising  molecules  proved  to  be  refractory  to 
correct  folding  when  expressed  in  various  recombinant  systems, 
which  led  to  altered  or  diminished  biological  activity  for  the 
recombinant  versions  when  compared  to  the  native  ECM 
fragments,  an  issue  that  may  have  accounted  for  the  disappointing 
performance  seen  with  recombinant  endostatin  in  clinical  trials 
[66]. 

Interestingly,  several  classes  of  metalloproteases  found  in  snake 
venoms  also  contain  domains  that  share  significant  structural 
similarities  with  modules  and  domains  buried  in  EGM  proteins 
[69].  Among  these,  the  disintegrin  and  disintegrin-like  domains 
found  in  snake  venoms  display  a  variety  of  integrin-binding  motifs 
with  enormous  pharmacological  potential.  Similar  to  the  anti- 
angiogenic  fragments  derived  from  mammalian  ECMs,  disintegrin 
are  also  generated  through  proteolytic  cleavage  from  larger 
multidomain  metalloproteases  [70]. 

In  this  study,  we  show  that  a  chimeric  disintegrin,  vicrostatin 
(VCN),  derived  from  a  member  of  a  well  characterized  family  of 
naturally  occurring  broad-spectrum  integrin  inhibitors,  could  be 
successfully  produced  recombinantly  in  large  scale  in  an 
engineered  bacterial  system.  The  recombinant  production  of 
VCN  was  a  complex  achievement  complicated  by  the  fact  that 
disintegrins  are  small  polypeptides  with  almost  no  secondary 
structure  that  depend  for  their  proper  folding  and  biological 
activity  on  the  correct  pairing  of  a  large  number  of  disulfide 
bridges  (5  in  VCN)  relative  to  their  molecular  size.  For  this 
reason,  and  because  disintegrins  do  not  express  well  in 
mammalian  cells  or  yeast,  a  bacterial  system  supportive  of 


disulfide  bridge  formation  needed  to  be  identified.  We  found  that 
VCN  can  be  expressed  in  such  a  system  (e.g.,  Origami  B)  which 
prompted  us  to  further  optimize  the  expression  method  for  this 
recombinant  polypeptide  in  this  system.  Our  optimization  efforts 
led  to  consistent  expression  levels  for  this  recombinant  molecule 
in  Origami  B  with  minimal  batch-to-batch  variation  and  with 
yields  around  200  mg  of  purified  active  VCN  per  liter  of  bacterial 
culture.  Recombinant  VCN  is  a  synthetic  construct  that  retains 
the  RGD  integrin-recognition  motif  displayed  by  the  native 
disintegrin  contortrostatin  (CN)  it  was  derived  from,  but  was  also 
engineered  to  exhibit  some  novel  integrin  biding  characteristics. 
Therefore,  in  a  number  of  in  vitro  functional  assays,  recombinant 
VCN  was  found  to  retain  the  binding  properties  of  native  CN, 
while  showing  an  improved  binding  affinity  compared  to  native 
CN  for  one  important  receptor  in  angiogenesis,  integrin  oc5(3l. 
The  binding  affinity  of  VCN  for  integrin  oc5(3l  was  measured  by 
fluorescence  polarization  and  found  to  be  one  order  of  magnitude 
higher  than  that  of  CN  (Kd  =  15.2  nM  for  VCN  vs.  191.3  nM  for 
native  CN).  The  recombinant  VCN  behaves  like  a  true 
disintegrin  in  that  it  inhibits  platelet  aggregation  (by  disrupting 
fibrinogen  binding  to  integrin  odIb(33)  in  a  similar  manner  to 
native  CN  and  with  a  almost  identical  IC50  (approx.  60  nM). 
Mass  spectrometry  analysis  of  VCN  showed  that  this  recombi¬ 
nant  disintegrin  is,  unlike  CN,  a  monomer  which  led  us  to 
speculate  that  VCN  may  have  folded  differently  than  CN  in  the 
N-terminal  half  of  the  molecule  and  this  prevented  its 
dimerization.  Cell  surface  binding  analyses  by  flow  cytometry 
conducted  with  fluorescently-labeled  disintegrins  showed  that 
VCN  binds  similarly  to  CN  to  different  cell  lines  and,  like  CN,  its 
cell  surface  binding  is  abolished  in  the  presence  of  integrin  ligands 
(either  a  cyclic  RGD  peptide  or  an  antibody  fragment)  competing 
for  the  same  binding  sites.  Since  disintegrin  binding  is  a  metal-ion 
dependent  process,  we  also  showed  that  in  the  presence  of  metal 
chelators  both  CN  and  VCN  cease  to  bind  to  cells.  The  ability  of 
VCN  to  interfere  with  cell  migration  and  invasion  was  further 
tested  in  vitro  in  two  experimental  settings:  in  a  modified  Boyden 
chamber  using  different  cell  lines  (the  transwell  invasion  assay) 
and  against  HUVEC  in  the  tube  formation  assay.  In  all  instances 
VCN  was  found  to  significantly  inhibit  cell  migration  and 
invasion  in  the  nanomolar  range  and  with  a  potency  similar  to 
that  of  native  CN.  Moreover,  our  previous  studies  indicated  that 
disintegrins  are  not  cytotoxic  to  cells  cultured  in  normal 
conditions.  In  order  to  understand  whether  the  anti-migratory/ 
anti-invasive  effects  observed  with  VCN  were  due  to  its  ability  to 
interfere  with  essential  components  of  cellular  locomotor 
apparatus  (i.e.,  the  dynamic  actin  cytoskeleton  of  migratory  cells) 
and  was  not  the  result  of  a  cytotoxic  effect,  we  conducted  cell 
viability  studies  with  both  CN  and  VCN  using  HUVEC  and 
cancer  cells.  Our  results  showed  that  both  CN  and  VCN  were 
completely  devoid  of  cytotoxicity  at  all  concentrations  tested  (up 
to  1  jliM).  Surprisingly,  however,  when  HUVEC  were  sand¬ 
wiched  between  two  Matrigel  layers,  in  an  experimental  setting 
that  allows  these  cells  to  move  faster  and  form  tubes  more  rapidly, 
VCN  did  show  a  significant  cytotoxic  effect  compared  to  other 
integrin-targeting  ligands  tested  (a  cyclic  RGD  peptide  and  two 
different  antibodies).  This  effect  was  unexpected  and  suggests  that 
rapidly  migratory  and/ or  invasive  cells  might  be  the  most 
vulnerable  to  the  effects  of  this  agent.  Our  previous  studies  with 
native  CN  indicate  that  this  disintegrin  may  behave  like  a  soluble 
ECM-mimetic,  potently  altering  the  actin  cytoskeleton  dynamics 
by  deactivating  key  molecular  components  of  focal  adhesions  in 
both  adherent  HUVEC  and  glioma  cells,  the  result  of  which  is  a 
net  anti-migratory  effect  [35].  Like  native  CN  and  unlike  other 
integrin-targeting  ligands,  we  showed  that  VCN  has  a  unique 
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integrin  binding  profile  (simultaneously  targeting  integrins  OCv(33, 
ocv(35,  and  oc5  P 1)  and  is  able  to  induce  at  nanomolar 
concentrations  the  disassembly  of  actin  stress  fibers  and  a  massive 
actin  cytoskeleton  reorganization  in  HUVEG  plated  on  Matrigel. 
The  ability  of  disintegrins  to  elicit  an  inappropriate  signaling  and 
alter  the  tensional  homeostasis  in  angiogenic  and  cancer  cells 
alike  may  have  profound  therapeutic  implications  since  the 
characteristic  increase  in  tissue  rigidity  associated  with  cancers 
was  shown  to  critically  modulate  the  behavior  of  malignant  cells 
by  regulating  the  ability  of  these  cells  to  form  focal  adhesions  and 
efficiently  signal  through  growth  factor  receptors  [71].  Further¬ 
more,  the  ability  to  manipulate  pharmacologically  the  actin 
cytoskeleton  and  stress  fiber  assembly  in  transformed  cells  may 
represent  a  novel  therapeutic  goal  towards  achieving  tumor 
dormancy  [72,73].  Interestingly,  the  cytoskeletal  effects  observed 
with  VGN  in  tubulogenic  EC  cultured  in  a  rich  tumorigenic 
matrix  that  is  uniquely  endowed  to  support  both  cell  survival  and 
migration  are  strikingly  similar  to  those  exerted  by  the 
endogenous  ECM-derived  fragments  discussed  above.  As  already 
mentioned,  these  effects  distinguish  VCN  from  the  other  integrin 
ligands  that  were  tested  in  the  same  setting,  including  the  small 
cyclic  RGD  peptide  cyclo(Arg-Gly-Asp-DPhe-Val).  It  is  notewor¬ 
thy  to  emphasize  that  a  methylated  variant  of  the  cyclic  RGD 
peptide  used  in  our  experiments,  the  cyclo(Arg-Gly-Asp-DPhe- 
NMeVal)  peptide  or  Cilengitide,  which  displays  an  improved 
specificity  to  integrins  ocv(33  and  ocv(35  [74,75],  has  been  evaluated 
in  a  number  of  advanced  solid  tumors  in  several  clinical  trials  and 
showed  promise  against  glioblastoma  multiforme  [76,77].  More¬ 
over,  the  two  monoclonal  antibodies  that  were  included  in  our  in 
vitro  assays,  the  integrin  ocv  (3  3 -targeting  7E3  and  LM609,  were 
also  previously  tested  in  vivo  in  a  number  of  animal  cancer  models 
and  reported  to  have  good  tumor  growth  inhibition  efficacy 
[46,78].  By  comparing  different  integrin  ligands,  our  in  vitro  data 
seem  to  indicate  that  molecules  that  behave  like  soluble  ECM- 
mimetics  might  have  additional  anti-angiogenic  benefits  com¬ 
pared  to  cyclic  RGD  peptides  and  integrin-targeting  monoclonal 
antibodies.  Furthermore,  our  results  also  suggest  that,  unlike 
cyclic  RGD  peptides,  VCN  may  produce  effective  anti-angio- 
genic  effects  at  much  lower  doses  which  may  possibly  translate 
into  fewer  side  effects. 

Although  VCN  retains  native  CN’s  ability  to  bind  the  activated 
odIb(33  platelet  integrin,  like  GN  [22]  it  does  not  interact  with 
quiescent  platelets,  an  in  vitro  observation  further  corroborated  by 
our  in  vivo  findings:  no  side  effects  were  documented  following 
direct  intravenous  administration  of  purified  VCN  in  two  different 
species:  up  to  1  mg  per  shot  in  mice  or  up  to  5  mg  per  shot  in  rats. 
It  is  important  to  mention  that  there  is  an  established  link  between 
activated  platelets  and  metastasis  [79,80]  and  from  the  therapeutic 
standpoint  it  may  be  advantageous  to  use  a  polypeptide  like  VCN 
that  theoretically  might  also  have  the  potential  to  address  this 
metastasis  strategy.  As  a  small  polypeptide,  VCN  is  not  expected  to 
be  immunogenic,  and  our  preliminary  animal  studies  showed  that 
VCN  indeed  failed  to  elicit  an  antibody  response  following 
intravenous  infusion.  Despite  these  findings,  for  enhanced  passive 
targeting  of  the  drug  to  the  tumor  site,  we  opted  for  liposomal 
delivery.  VCN  can  be  efficiently  encapsulated  into  unilamellar 
liposomes,  unlike  other  proteins  possibly  due  to  its  structural 
characteristics,  and  our  findings  indicate  that  the  liposomal 
formulations  of  VCN  have  far  superior  efficacy  compared  to  the 
naked  polypeptide  in  two  animal  models  of  human  cancer.  In 
these  models  LVCN  showed  excellent  tumor  growth  inhibition 
efficacy,  increased  animal  survival  and  a  significant  reduction 
(>80%  compared  to  control)  in  tumor  micro  vessel  density 
producing  similar  results  compared  to  Avastin  (bevacizumab). 


Interestingly,  in  a  separate  study  of  the  same  breast  cancer  model 
(MDA-MB-231  xenografts)  VCN  showed  superior  tumor  apopto¬ 
sis  effects  compared  to  Avastin  as  indicated  by  the  quantitation  of 
the  TUNEL-stained  areas  on  tumor  sections.  As  already 
mentioned,  in  all  these  models  the  liposomal  delivery  of  VCN 
was  far  more  efficacious  compared  to  the  intravenous  administra¬ 
tion  of  the  naked  polypeptide.  We  do  not  exclude,  however,  the 
therapeutic  scenario  in  which  the  naked  polypeptide  administered 
at  much  higher  doses  than  those  used  in  this  study  might  show 
improved  therapeutic  responses.  On  the  other  hand,  the  liposomal 
delivery  has  a  number  of  other  advantages  showing  good 
therapeutic  responses  at  lower  drug  doses  and  less  frequent 
administrations.  To  better  understand  how  VCN  is  released  from 
liposomes  in  the  tumor  microenvironment,  we  are  currently 
conducting  mechanistic  studies  aimed  at  elucidating  the  fate  of 
LVCN  in  tumor-bearing  animals.  As  a  unique  broad-spectrum 
anti-invasive  drug,  VCN  may  hold  an  advantage  over  other  anti¬ 
tumor  therapeutic  modalities  in  that  it  may  be  better  suited  to 
address  the  cell  survival  loops  operating  in  the  avascular  tissue  in 
the  early  steps  of  angiogenesis  and  metastasis  [81,82].  For 
instance,  in  an  elegant  animal  study,  Carbonell  et  al.  [83]  recently 
demonstrated  the  critical  importance  of  interactions  between  the 
(31  integrin  receptors  on  tumor  cells  and  the  vascular  basement 
membrane  in  maintaining  the  viability  of  early  metastatic  seeds  in 
the  brain  before  the  angiogenesis  process  is  initiated.  Moreover, 
recent  studies  have  demonstrated  that  the  use  of  various  anti- 
VEGF/PDGF  strategies  is  linked  to  an  increased  risk  of  early 
metastasis  in  animal  cancer  models  [84,85].  Although  the  clinical 
relevance  of  these  preclinical  studies  is  not  yet  clear  [86],  these 
data  support  the  idea  that  not  only  is  there  an  imperative  need  to 
design  novel  anti-angiogenic  drugs  with  better  anti-invasive 
properties,  but  also  to  test  the  impact  of  established  anti- 
angiogenics  (such  as  Avastin)  on  metastasis  and/ or  postoperative 
survival  when  administered  in  combination  with  anti-invasive 
modalities.  In  our  previous  studies  conducted  with  native  CN  we 
showed  that  this  agent  was  very  effective  at  blocking  metastasis  in 
an  animal  model  [87].  To  better  understand  the  ability  of  VCN  to 
function  as  an  anti-metastatic  agent,  we  are  currently  testing  this 
agent  in  several  spontaneous  models  of  breast  cancer  metastasis 
(i.e.,  the  murine  4T1  and  D2F2,  and  human  MDA-MB-231).  In 
summary,  we  believe  that  the  novel  agent  described  in  this  report 
holds  a  promising  translational  potential  and  has  a  design 
advantage  over  endogenous  anti-angiogenic  fragments  in  that  it 
can  be  made  recombinantly  in  large  quantities,  safely  infused  into 
animals,  and  efficiently  encapsulated  into  liposomes  for  enhanced 
tumor  delivery. 
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For  internalization  experiments  that  use  fluorescent  antibody  (Ab)  staining  to  distinguish  between  inside 
versus  outside  cellular  localization  of  various  receptor  targeting  ligands,  it  is  critical  that  there  be  efficient 
removal  of  all  residual  surface-bound  fluorescent  Ab.  To  achieve  this,  a  fluorescent  Ab  removal  technique 
is  commonly  employed  in  receptor  internalization  assays  that  utilizes  low  pH  glycine-based  buffers  to 
wash  off  the  residual  non-internalized  fluorescent  Ab  retained  on  cell  surfaces.  In  this  study,  we  highlight 
the  shortcomings  of  this  technique  and  propose  an  alternative  in  situ  proteolytic  approach  that  we  found 
to  be  non-deleterious  to  the  cells  and  significantly  more  effective  in  removing  the  residual  fluorescence 
resulting  from  non-internalized  surface-bound  Ab. 

©  2009  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Receptor  internalization  assays  are  important  for  understanding 
how  a  particular  ligand  or  receptor  is  involved  in  endocytosis.  What 
is  being  measured  by  these  assays  is  the  rate  the  ligand/receptor  pair 
is  internalized  into  the  cytoplasm  of  the  cell.  This  information  can  be 
used  for  mechanistic  studies  in  multiple  areas  of  research  such  as 
receptor-mediated  endocytosis  and  drug  uptake. 

One  common  way  to  explore  the  rate  of  cellular  uptake  for  a 
particular  ligand  is  to  label  the  ligand  with  a  fluorescent  tag  and 
estimate  the  amount  of  fluorescence  that  becomes  internalized 
over  time  by  either  flow  cytometry  (FCM)  [1]  or  confocal  micros¬ 
copy  [2].  During  these  ligand/receptor  internalization  experiments, 
the  ability  to  distinguish  between  the  amount  of  ligand  that  re¬ 
mains  on  the  cell  surface  and  the  amount  that  becomes  internal¬ 
ized  during  the  course  of  the  experiment  is  a  significant 
challenge.  With  either  technique,  in  order  to  obtain  an  accurate 
estimate  of  the  amount  of  fluorescence  inside  the  cell  that  is 
derived  from  internalized  ligands,  it  is  critical  to  be  able  to  effi¬ 
ciently  wash  off  100%  of  the  residual  fluorescence  (i.e.,  the  fluores¬ 
cent  ligands  that  were  not  internalized  during  the  time  course  of 
the  experiment).  If  the  fluorescent  signal  remaining  on  the  surface 
is  not  close  to  zero  after  washing  at  the  end  of  the  internalization 
experiment,  what  is  measured  as  the  intracellular  signal  is  ren¬ 
dered  unreliable  [1].  When  the  ligand  analyzed  is  a  targeting  anti¬ 
body  (Ab)  that  has  been  labeled  with  a  fluorescent  tag,  removal  of 
the  non-internalized  Ab  from  the  cell  surface  can  be  achieved,  but 
depends  on  the  strength  of  the  washing  buffer.  When  the  analyzed 
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ligand  is  not  an  Ab  but  a  protein  that  forms  a  stable  complex  with 
its  receptor,  removal  of  residual  cell  surface  fluorescence  (i.e.,  the 
non-internalized  ligands)  becomes  quite  difficult.  Nonetheless, 
when  analyzing  internalization  of  a  non-antibody  ligand  that  inter¬ 
acts  tightly  with  its  receptor,  one  solution  to  the  residual  fluores¬ 
cence  problem  would  be  to  label  the  ligand  with  a  specific 
fluorescent  Ab.  The  interaction  between  the  fluorescent  Ab  and 
the  ligand  is  expected  to  be  weaker  than  that  between  the  ligand 
and  its  cell  surface  receptor.  Therefore,  by  using  buffers  that  disso¬ 
ciate  the  Ab  from  the  bound  ligand,  one  should  be  able  to  effi¬ 
ciently  remove  residual  fluorescence  associated  with  the  ligand. 
The  solution  to  the  residual  fluorescence  problem  in  internaliza¬ 
tion  experiments  is  to  find  a  method  that  efficiently  removes  fluo¬ 
rescent  Ab  from  the  cell  surface. 

The  classical  approach  for  stripping  Ab  from  cell  surfaces 
requires  washing  cells  at  the  end  of  the  experiment  in  a  simple 
acidic  buffer  containing  either  50  mM  glycine  [1,3,4]  or  lOOmM 
Na  Acetate  [5].  However,  after  repeatedly  testing  this  approach  in 
our  laboratory,  we  concluded  that  these  buffers  are  very  inefficient 
at  displacing  surface-bound  Ab.  To  address  this  problem,  we 
decided  to  use  a  different  approach  and  explore  the  efficacy  of 
removing  surface-bound  Ab  by  employing  a  proteolytic  enzyme 
known  to  cleave  specific  regions  of  the  Ab. 

The  proteolytic  enzyme  pepsin,  which  is  crucial  for  digestive 
processes  in  the  stomach,  is  synthesized  from  pepsinogen  and  se¬ 
creted  by  the  gastric  chief  cells  [6].  Pepsin  cleaves  preferentially  at 
the  C-terminal  end  of  aromatic  amino  acids  such  as  phenylalanine 
and  tyrosine  [7].  Pepsin  worked  most  efficiently  at  removing  sur¬ 
face-bound  Ab  without  any  detrimental  effects  on  the  assay.  When 
incubated  with  an  immunoglobulin  G  (IgG),  pepsin  is  known  to 
proteolytically  separate  the  Ab  into  two  fragments,  the  bivalent 
F(ab')2  (fragment,  antigen-binding)  region  and  the  Fc  (fragment, 
crystallizable)  region,  by  specifically  cleaving  the  Ab  between  these 
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two  regions  [8]  (Fig.  1A).  We  theorized  that  this  proteolytic  action 
of  pepsin  could  also  be  employed  in  situ  to  strip  away  fluorescently 
labeled  Ab  from  cell  surfaces.  In  our  experiments,  we  used  either 
an  anti-integrin  or  transferrin  primary  antibody  and  an  Fc-specific 
Alexa-488  (Invitrogen,  Carlsbad,  CA)  conjugated  secondary  anti¬ 
body  (Fc  A488  secondary  Ab)  in  combination  with  pepsin  digestion 
to  demonstrate,  by  both  FCM  and  confocal  microscopy,  that  in  situ 
proteolysis  could  effectively  remove  labeled  secondary  Ab. 

Because  pepsin  specifically  cleaves  the  Ab  at  the  junction  be¬ 
tween  the  F(ab')2  fragment  and  the  Fc  fragment  [8],  we  can  take 
advantage  of  this  cleavage  specificity  by  using  an  A488  secondary 
Ab  that  is  Fc-specific.  Proteolysis  by  pepsin  will  cleave  both  the  pri¬ 
mary  and  the  secondary  Ab  bound  on  the  cell  surface.  When  this 
happens  the  F(ab')2  fragment  of  the  primary  antibody  will  be  left 
in  place,  but  the  Fc  fragment  of  the  primary  Ab  along  with  the 
bound  F(ab')2  fragments  from  the  secondary  Ab  will  be  cleaved 
off  the  cellular  surface  (Fig.  IB).  This  results  in  a  very  efficient  re¬ 
moval  of  any  surface  fluorescence.  If  we  were  to  use  a  secondary 
Ab  that  was  not  Fc-specific,  the  remaining  F(ab')2  fragment  from 
the  primary  Ab  would  still  have  fluorescent  F(ab')2  fragments  from 
the  Fc  A488  secondary  Ab  bound  to  the  cell  surface,  resulting  in 
persistent  signal  even  after  proteolysis. 

Materials  and  methods 

Evaluating  the  efficiency  of  different  stripping  buffers  on  removing 
cell  surface  fluorescence.  MDA-MB-435  human  cancer  cells  [9,10] 
were  grown  in  tissue  culture  flasks  and  collected  by  brief  trypsin- 
ization  with  10%  trypsin  stock  (0.05%  trypsin-0.02%  EDTA)  in  phos¬ 
phate  buffered  saline  (PBS)  for  5-min.  The  trypsin  was  quenched  by 
complete  media  and  the  cells  were  resuspended  as  needed.  We 
incubated  the  MDA-MB-435  cells  (106),  in  suspension,  with  a 
monoclonal  Ab  against  the  betal  integrin  subunit  (1:500,  clone 
P5D2,  Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  for  30  min.  We 
then  washed  the  cells  three  times  with  PBS  and  incubated  the  cells 
with  an  anti-mouse  Fc  A488  secondary  Ab  ( 1 : 1 000,  Jackson  Immu- 
noResearch,  West  Grove,  PA)  for  30  min  (the  secondary  Ab  was 
conjugated  to  Alexa-488  dye  following  Invitrogen’s  protocol).  Dur¬ 
ing  the  labeling  process  the  cells  were  kept  at  4  °C  to  ensure  that 
there  was  no  membrane  traffic  and  that  Fc  A488  secondary  Ab 
was  not  internalized  by  the  MDA-MB-435  cells.  These  conditions 
allowed  for  maximum  surface  fluorescence  to  be  retained  on  the 
plasma  membrane  (i.e.,  no  membrane  traffic)  and  for  the  evalua¬ 
tion  of  the  efficiency  of  different  buffers  in  removing  membrane- 


bound  Fc  A488  secondary  Ab.  Three  different  stripping  buffers 
were  analyzed;  two  were  traditional  buffers  containing  either 
50  mM  glycine,  150  mM  NaCl,  pH  2.5  (glycine/HCl  buffer),  or 
100  mM  Na  Acetate,  50  mM  NaCl,  pH  5.5  (acetate/HCl  buffer).  For 
the  above  buffers  the  cells  were  washed  for  30  min  at  4  °C  with 
gentle  agitation.  The  third  buffer  was  one  of  the  traditional  buffers 
(glycine/HCl  buffer)  further  supplemented  with  0.01  mg/ml  pepsin 
(pepsin/HCl  buffer).  In  buffer  supplemented  with  pepsin,  cells  were 
washed  for  1 5-min  at  4  °C  with  gentle  agitation.  After  the  stripping 
step,  the  cells  were  then  either  fixed  in  3.7%  formaldehyde  and 
mounted  onto  coverslips  with  fluorescent  mounting  media  (KPL, 
Gaithersburg  Maryland)  for  confocal  microscopy  analysis  or 
washed  and  resuspended  in  PBS,  pH  7.4,  for  fluorescence-activated 
cell  sorting  (FACS)  analysis. 

Internalization  rates  of  betal  integrin  and  transferrin  receptors. 
MDA-MB-435  cells  were  grown  and  collected  as  previously  de¬ 
scribed.  Cells  (106)  were  labeled  with  either  the  betal -integrin 
Ab  (1:500)  or  the  transferrin  receptor  (TFR)  Ab  (1:500,  clone 
9F81C11,  Santa  Cruz  Biotechnology,  Santa  Cruz  CA),  washed  and 
further  stained  with  an  anti-mouse  Fc  A488  secondary  Ab 
(1:1000).  Cells  were  washed  three  times  and  incubated  with  Ab 
for  30  min  at  4  °C.  In  evaluating  betal  integrin  receptor  internali¬ 
zation  cells  were  transferred  to  a  37  °C  incubator  and  internaliza¬ 
tion  of  the  integrin-bound  Ab  was  allowed  to  proceed  for  5-min, 
1-h,  or  3-h.  Cells  with  TFR-bound  Ab  were  resuspended  in  com¬ 
plete  media,  supplemented  with  200  nM  transferrin  [11],  then  left 
to  internalize  at  37  °C  for  5-min,  20-min,  or  60-min.  At  the  end  of 
each  time  point,  cells  were  either  washed  in  glycine/HCl  stripping 
buffer  for  30  min,  pepsin/HCl-stripping  buffer  for  1 5-min,  or  PBS 
for  1 5-min.  Washings  were  done  at  4°C  with  gentle  agitation 
and  the  cells  were  then  fixed  in  3.7%  formaldehyde  and  mounted 
onto  coverslips  with  fluorescent  mounting  media  for  confocal 
microscopy. 

The  confocal  images  were  quantified  using  the  software  pro¬ 
gram  Simple  PCI  (Hamamatsu,  Sewickley,  PA).  Each  representative 
image  was  scanned,  with  this  software,  and  every  fluorescent  pixel 
was  counted  that  was  between  the  minimum  and  maximum  signal 
strength  which  yielded  the  highest  quality  image.  These  same 
boundaries  were  applied  to  all  slides.  Any  pixel  above  or  below 
the  boundary  was  excluded.  The  same  images  were  then  used  to 
calculate  the  area  of  the  measured  cells.  From  these  two  numbers, 
we  obtained  the  amount  of  pixels  per  unit  area  for  each  image.  This 
represents  the  rate  that  the  betal  integrins  or  TFRs  are  internalized 
per  unit  area  of  cell  surface. 


Secondary  with  no  Fc  specificity 


Secodary  with  Fc  specificity 


Fig.  1.  Fc-specific  secondary  antibody  requirement  for  pepsin  removal  of  the  residual  fluorescent  signal.  (A)  Pepsin  cleaves  antibodies  at  the  junction  between  the  bivalent 
F(ab')2  fragment  and  the  Fc  fragment.  (B)  Diagram  illustrating  the  need  for  an  Fc-specific  secondary  Ab  in  order  for  the  pepsin  cleavage  to  eliminate  the  Alexa-488  signal  from 
the  cell  surface.  After  protelolytic  cleavage,  cells  that  were  treated  with  a  non-Fc-specific  Ab  still  have  the  Alexa-488  F(ab')2  attached  to  the  primary  F(ab')2,  while  cells  that 
were  treated  with  the  Fc-specific  Ab  no  longer  have  any  portion  of  the  Fc  A488  secondary  Ab  attached  to  the  primary  F(ab')2. 
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Trypan  blue  viability.  MDA-MB-435  cells  were  grown  and  col¬ 
lected  as  previously  described.  Cells  (106)  were  either  left  un¬ 
treated,  exposed  to  UV  light  for  15-min,  treated  with 
actinomycin  D  (0.05  jig/ml)  for  18  h,  or  washed  in  pepsin/HCl- 
stripping  buffer  for  15-min  at  4°C  with  gentle  agitation.  When 
each  treatment  concluded,  cells  were  stained  with  4%  Trypan  Blue 
(EMD  Biosciences,  San  Diego  California)  in  PBS  for  5-min  and  eval¬ 
uated  for  cell  viability  by  counting  stained  cells  on  a  hemocytom- 
eter  at  10x  magnification.  Four  separate  counts  were  taken  and 
averaged,  and  the  experiment  was  repeated  three  times. 


Results 

When  evaluated  at  maximum  surface  fluorescence,  meaning 
that  no  fluorescent  Ab  was  internalized,  our  results  clearly  demon¬ 
strate  the  advantage  of  using  pepsin  to  remove  surface-bound  Ab. 
Cells  were  visualized  by  confocal  microscopy,  which  showed  that 
the  acidic  washes  done  with  traditional  buffers  were  so  ineffective 
that  the  retained  fluorescent  signal  nearly  matched  the  control 
(i.e.,  cells  washed  in  PBS),  indicating  very  little  secondary  Ab  re¬ 
moval.  By  contrast,  the  pepsin-supplemented  acid  wash  com¬ 
pletely  abolished  the  Alexa-488  signal  from  the  surface  of  the 
MDA-MB  435  cells  (Fig.  2).  These  results  were  similar  to  those  ob¬ 
served  using  FACS  analysis,  where  the  glycine/HCl  wash  showed 
only  a  minimal  shift  in  the  fluorescent  signal  as  compared  to  that 
observed  in  the  control  (i.e.,  cells  washed  in  PBS);  while  the  acetate 
wash  showed  no  shift  at  all.  In  contrast,  the  pepsin/HCl  wash 
brought  the  FACS  signal  down  to  1.8%  of  control  (Fig.  2). 

To  demonstrate  how  our  technique  can  be  employed  to  effec¬ 
tively  and  efficiently  measure  the  internalization  rates  of  different 
receptors,  we  conducted  two  experiments  to  measure  internaliza¬ 
tion  of  the  betal  integrin  receptor  and  the  TFR  on  MDA-MB-435 
cells.  We  chose  these  two  systems  because  of  their  different  rates 
of  internalization.  Betal  integrin  is  internalized  constitutively 
over  time  in  a  non-ligand  induced  manor,  which  leads  to  a  slower 
rate  of  internalization.  Conversely,  the  TFR  was  internalized  after 
binding  its  natural  ligand,  transferrin,  and  is  internalized  via 
receptor-mediated  endocytosis,  resulting  in  a  faster  rate  of  inter¬ 
nalization.  The  time  course  chosen  for  each  experiment  was 
determined  by  observations  made  in  our  laboratory  using  MDA- 
MB  435  cells,  as  well  as  internalization  experiments  conducted 
by  other  laboratories  [4,11,12].  We  chose  5-min,  1-h,  and  3-h 
for  the  betal  integrin  and  5-min,  20-min,  and  60-min  for  the 
TFR,  in  order  to  allow  the  maximum  amount  of  internalized 
receptors  before  recycling  became  the  predominant  event  in  the 
suspended  MDA-MB  435  cells.  Representative  images  from  the 
betal  integrin  internalization  experiment  are  shown  (Fig.  3A). 
The  fluorescent  signal  coming  from  the  MDA-MB  435  cells  after 
5-min  of  internalization  at  37  °C  followed  by  a  PBS  wash  was  con¬ 
sidered  the  negative  control  with  no  removal  of  residual  fluores¬ 
cence  (Fig.  3 A,  Row  1).  By  comparison,  MDA-MB-435  cells  washed 
in  pepsin/HCl  buffer  after  5-min  of  incubation  at  37  °C  completely 
lose  the  cell  surface  fluorescent  signal  (Fig.  3 A,  Row  3).  Cells 
washed  in  glycine/HCl  buffer  after  5-min  of  incubation  still  main¬ 
tained  a  high  amount  of  surface  fluorescence  (Fig.  3A,  Row  2).  At 
the  later  time  points  the  signal  disparity  still  persisted  on  the  cell 
membrane  with  a  strong  signal  coming  from  cells  washed  in 
either  PBS  or  glycine/HCl  and  considerably  less  signal  from  cells 
washed  in  pepsin/HCl  (Fig.  3A,  Rows  4-9).  Thus,  the  residual  sur¬ 
face  signal  coming  from  non-internalized  Ab  in  cells  washed  in 
PBS  or  glycine/HCl  represents  a  confounding  variable  in  interpret¬ 
ing  receptor  internalization  data.  We  believe  that  unlike  other 
washing  techniques  previously  employed  in  receptor  internaliza¬ 
tion  studies,  the  combination  of  Fc-specific  Ab  and  pepsin  could 
be  employed  to  remove  surface  fluorescence  and  thereby  gener¬ 


ate  a  much  more  interpretable  signal  coming  from  the  internal¬ 
ized  receptor-ligand  complexes. 

Quantitation  of  betal  integrin  internalization  illustrates  the 
efficiency  of  our  pepsin-based  stripping  buffer.  After  5-min  of  incu¬ 
bation,  the  PBS  control  group  had  a  pixel  per  cell  area  count  of  33.6, 
the  glycine/HCl  group  had  a  count  of  20.2,  while  the  pepsin/HCl 
treatment  resulted  in  a  count  of  0.008  (Fig.  3B).  Clearly,  the  most 
effective  stripping  buffer  was  the  pepsin/HCl  wash,  since  after  an 
incubation  time  of  only  5-min,  a  very  small  amount  of  integrin 
should  be  internalized  by  the  cells.  The  signal  disparity  that  was 
seen  after  a  brief  incubation  was  the  result  of  the  inability  of 
buffers,  which  do  not  contain  pepsin,  to  efficiently  remove  the 
non-internalized  Fc  A488  secondary  Ab  from  the  cell  surface.  At 
the  1-h  time  point,  quantitation  for  the  PBS  group  had  a  pixel 
per  cell  area  count  of  39.2,  glycine/HCl  was  17.0,  and  pepsin/HCl 
4.16.  At  the  3-h  time  point,  the  same  trend  was  observed  with 
the  PBS  pixel  per  cell  area  count  of  57.5,  glycine/HCl  of  24.9,  and 
pepsin/HCl  1 1.6  (Fig.  3B).  The  only  internalization  rate  that  demon¬ 
strated  consistent  progression  throughout  the  three  time  points 
was  from  the  pepsin/HCl  treatment  group. 

Quantitation  of  the  TFR  data  yielded  similar  results  to  the  betal 
integrin  experiment.  After  5-min  of  incubation,  the  PBS  control 
group  had  a  pixel  per  cell  area  count  of  13.4,  the  glycine/HCl  group 
had  a  count  of  12.7,  while  the  pepsin/HCl  treatment  resulted  in  a 
count  of  0.9.  When  compared  to  the  5-min  time  point  for  the  betal 
integrin,  the  only  logical  data  set  was  from  the  pepsin/HCl  treat¬ 
ment  group;  TFR  is  expected  to  be  internalized  at  a  greater  rate 
and  we  found  0.9  pixels  per  cell  area  for  TFR  and  only  0.008  pixels 
per  cell  area  with  betal  integrin,  while  the  other  two  treatment 
groups  had  lower  pixels  per  cell  area  counts  for  the  TFR  (Fig.  3B 
and  C)  when  compared  to  the  betal  integrin  pixels  per  cell  area 
counts.  At  the  20-min  time  point,  quantitation  for  the  PBS  group 
had  a  pixel  per  cell  area  count  of  26.3,  glycine/HCl  was  16.1,  and 
pepsin/HCl  4.00.  At  the  60-min  time  point,  the  same  trend  was  ob¬ 
served  with  the  PBS  pixel  per  cell  area  count  of  27.3,  glycine/HCl  of 
21.0,  and  pepsin/HCl  14.2  (Fig.  3C).  Again,  the  only  treatment  group 
that  established  a  consistent  trend  for  all  three  time  points  was 
from  the  pepsin/HCl  wash. 

Trypan  Blue  staining  confirmed  that  the  pepsin-supplemented 
acid  wash  has  no  impact  on  the  stability  of  the  cellular  membrane 
of  MDA-MB-435  cells  exposed  to  the  pepsin/HCl-stripping  buffer. 
Results  of  pepsin  treatment  were  compared  to  two  agents  known 
to  initiate  membrane  instability  and  cell  death,  UV  light  and  Acti¬ 
nomycin  D  treatment,  which  left  the  majority  of  the  MDA-MB-435 
cells  non-viable.  The  untreated  cells  showed  that  only  6.3%  of  the 
cells  were  non-viable,  while  the  positive  controls  of  UV  light  and 
Actinomycin  D  demonstrated  69.1%  and  52.7%  to  be  non-viable. 
Exposure  of  these  cells  to  pepsin  treatment  resulted  in  very  low 
cell  death  of  6.5%,  similar  to  results  seen  in  the  untreated  control 
group  (Fig.  4). 


Discussion 

The  method  described  in  this  paper  is  a  simple  but  efficient 
technique  for  removing  residual  surface  bound  fluorescence  in 
receptor  internalization  assays.  The  utility  of  this  procedure  be¬ 
comes  evident  when  it  is  compared  to  the  classical  acid  buffer 
wash  recommended  by  most  standard  protocols  (Fig.  2).  Without 
including  pepsin  in  the  wash,  the  fluorescent  signal  generated  with 
classical  acidic  buffer  washes  almost  exactly  matches  the  PBS  trea¬ 
ted  controls,  indicating  that  stripping  Ab  off  the  cellular  surface 
with  traditional  buffers  is  very  ineffective.  Furthermore,  the  tradi¬ 
tional  Ab  stripping  buffers  have  demonstrated  poor  results  in  other 
types  of  assays.  For  example,  one  group  found  that  in  a  surface 
plasmon  resonance  experiment  the  glycine/HCl  acid  wash  was 
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Fig.  2.  Effect  of  pepsin  on  labeled  antibody  removal  at  maximum  residual  fluorescence.  MDA-MB-435  cells  were  incubated  at  4  °C  with  a  mouse  monoclonal  Ab  against  the 
cell  surface  beta  1  integrin  (30-min),  washed  with  PBS,  and  then  further  incubated  with  an  A488  secondary  Ab  that  is  specific  for  the  Fc  portion  of  mouse  IgG  (30-min).  The 
cells  were  then  immediately  washed  with  3  different  Ab  stripping  buffers  or  PBS  at  4  °C  with  gentle  agitation.  Row  1 :  PBS;  Row  2:  50  mM  glycine,  150  mM  NaCl,  pH  2.5;  Row 
3:  100  mM  Na  Acetate,  50  mM  NaCl,  pH  5.5;  Row  4:  0.1  mg/ml  pepsin,  50  mM  glycine,  150  mM  NaCl,  pH  2.5.  The  cells  were  then  either  (A)  fixed  in  3.7%  formaldehyde  and 
mounted  onto  coverslips  with  fluorescent  mounting  media  (KPL,  Gaithersburg  Maryland)  for  confocal  microscopy  under  either  white  light  (left  panels)  or  light  at  a 
wavelength  of  488  nm  to  visualize  the  Alexa-488  dye  conjugated  to  the  Fc-specific  secondary  Ab  (right  panels),  or  (B)  washed  and  resuspended  in  PBS,  pH  7.4,  for  FACS 
analysis. 


totally  ineffective  at  disrupting  an  Ab-receptor  complex  [13].  The 
only  limiting  factor  of  the  method  presented  herein  is  that,  com¬ 
pared  to  the  traditional  methods,  our  method  calls  for  the  usage 
of  an  Fc-specific  secondary  Ab,  but  these  are  common  and  fairly 
inexpensive  reagents. 

While  evaluating  our  technique  with  two  internalization  sys¬ 
tems,  one  slow  (betal  integrin)  and  one  fast  (TFR),  a  true  advan¬ 
tage  for  our  technique  emerged.  Although  all  three  treatment 
groups  demonstrated  increasing  internalization  rates  when  com¬ 
paring  betal  integrin  to  TFR,  the  PBS  and  glycine/HCl  groups  were 


inconsistent  and  unreliable.  The  reason  for  this  was  due  to  strong 
cell-membrane  signals  (non-internalized  complexes)  that  were 
not  present  in  the  pepsin/HCl  treatment  groups.  This  produced  a 
key  difference  between  the  data  sets.  Given  the  conditions  for  each 
experiment,  from  the  1-h  to  the  3-h  time  point  in  the  betal  inte¬ 
grin  experiment,  and  from  the  20-min  to  the  60-min  time  point 
in  the  TFR  experiment,  we  would  expect  the  amount  of  internal¬ 
ized  receptor  to  triple  in  an  almost  linear  process.  The  pepsin/ 
HC1  group  demonstrated  a  consistent  rate  that  confirmed  our 
expectation,  while  the  PBS  and  glycine/HCl  groups  did  not 
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Fig.  3.  The  advantages  of  using  the  pepsin/HCl-stripping  buffer  to  accurately  measure  the  internalization  rates  of  receptors  in  two  systems.  (A)  MDA-MB-435  human  cancer 
cells  were  labeled  at  4  °C  with  a  betal-integrin  Ab  or  a  TFR  Ab,  washed,  and  further  stained  with  an  anti-mouse  Fc  A488  secondary  Ab.  The  cells  treated  with  the  betal- 
integrin  Ab  and  secondary  Ab  were  then  transferred  to  37  °C  and  allowed  to  internalize  the  integrin-bound  antibody  for  three  separate  time  intervals  (5-min,  1-h,  and  3-h), 
while  cells  treated  with  the  TFR  Ab  were  resuspended  in  complete  media  supplemented  with  200  nM  transferrin  and  transferred  to  37  °C  and  allowed  to  internalize  the  TFR- 
bound  antibody  for  three  different  time  intervals  (5-min,  20-min,  and  60-min).  At  the  end  of  each  time  point,  the  cells  were  either  washed  in  glycine/HCl,  pepsin/HCl  or  PBS, 
after  which  they  were  fixed  in  3.7%  formaldehyde  and  mounted  onto  coverslips  with  Fluorescent  Mounting  Media  and  analyzed  by  confocal  microscopy.  Representative 
images  only  from  the  betal  integrin  internalization  study  are  shown  (A).  Alexa-488  column:  images  shown  at  a  wavelength  of  488  nm;  White  light  column:  images  shown 
under  white  light;  Composite  column:  super  imposed  images  showing  views  under  both  488  nm  wavelength  and  white  light.  Row  1 :  5-min,  PBS;  Row  2:  5-min,  glycine/HCl; 
Row  3:  5-min,  pepsin/HCl;  Row  4:  1-h,  PBS;  Row  5:  1-h,  glycine/HCl;  Row  6:  1-h,  pepsin/HCl;  Row  7:  3-h,  PBS;  Row  8:  3-h,  glycine/HCl;  Row  9:  3-h,  pepsin/HCl.  Images  from 
the  betal  integrin  internalization  experiment  (B)  and  the  TFR  internalization  experiment  (C)  were  subjected  to  quantification  by  the  Simple  PCI  software.  Fluorescent  pixels 
were  counted  and  divided  by  the  total  area  for  the  counted  cells  to  obtain  the  amount  of  pixels  per  unit  area  for  each  image. 
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Fig.  4.  Cell  viability  assessed  by  trypan  blue  staining.  (A)  Composite  of  MDA-MB-435  cells  after  no  treatment,  exposed  to  UV  light  for  15-min,  treated  with  actinomycin  D  for 
18  h,  or  washed  in  pepsin/HCl-stripping  buffer  for  15-min.  When  each  treatment  concluded,  cells  were  stained  with  4%  Trypan  Blue  for  5-min.  This  figure  contains 
representative  images  from  multiple  experiments.  (B)  Bar  graph  showing  the  percent  of  non-viable  cells  for  each  treatment  group. 


(Fig.  3B  and  C).  The  false  data  points  with  these  washing  conditions 
also  lead  to  other  inaccuracies.  From  the  5-min  to  1-h  time  points 
in  the  betal  integrin  experiment,  the  glycine/HCl  group  actually 
showed  a  negative  internalization  rate  going  from  20.2  to  17.0  pix¬ 
els  per  cell  area.  This  result  would  not  be  possible  in  a  properly 
conducted  internalization  experiment,  but  because  of  the  false  sig¬ 
nal  coming  from  the  non-internalized  receptors,  this  type  of  result 
was  obtained. 

Other  interesting  observations  can  be  made  when  examining 
the  confocal  images  generated  from  the  betal  integrin  internaliza¬ 
tion  experiment  (Fig.  3A).  The  PBS  and  glycine/HCl  images  clearly 
showed  a  pronounced  fluorescent  signal  (a  fluorescent  corona) 
coming  from  the  plasma  membrane  of  the  MDA-MB-435  cells  at 
all  time  points.  This  residual  signal,  which  was  generated  by  the 
Fc  A488  secondary  Ab  that  was  not  washed  off  the  cell  surface, 
was  very  pronounced  as  compared  to  the  pepsin/HCl  treatment 
group.  We  overcame  the  residual  surface  fluorescence  problem  in 
our  internalization  experiments  by  successfully  cleaving  off  the 
Fc  fragment  of  our  Fc  A488  secondary  Ab  with  pepsin.  Another 
solution  to  this  problem  would  be  to  use  computer  software  to 
only  count  the  internal  area  of  the  cell,  excluding  the  fluorescent 
corona,  rendering  the  stripping  of  the  non-internalized  signal 
unnecessary.  However,  this  would  not  be  appropriate  for  several 
reasons.  First,  artificially  eliminating  the  residual  corona  would 
not  be  possible  when  conducting  studies  such  as  flow  cytometry. 
Second,  one  would  not  be  able  to  distinguish  an  internal  from  an 
external  membrane,  meaning  that  newly  released  vesicles  would 
not  be  counted.  Third,  a  closer  look  at  the  3-h  pepsin/HCl  treatment 
images  (Fig.  3 A,  Row  9)  shows  that  in  distinct  pockets  at  the  cell 
surface  a  faint  corona  starts  forming  again,  even  after  very  efficient 
stripping  of  all  fluorescence  on  the  cellular  surface.  This  phenome¬ 
non  could  represent  the  beginning  of  recycling  vesicles  carrying 
the  betal  integrin  receptor  still  bound  to  the  Ab  ligand  back  to 
the  plasma  membrane,  but  before  the  vesicle  fused  to  the  plasma 
membrane.  This  new  level  of  complexity  should  be  investigated 
as  a  separate  event.  The  use  of  traditional  buffers  would  make 
the  recycling  phenomenon  impossible  to  quantitate  because  these 
methods  never  fully  eliminate  the  fluorescence  coming  from  the 
cell  surface. 

The  recycling  aspect  of  receptors  demonstrates  another  possi¬ 
ble  application  for  this  technique  -  analysis  of  the  rate  of  recy¬ 
cling  of  receptors  after  internalization.  A  method  to  investigate 


recycling  of  receptors  requires  a  reliable  procedure  for  removing 
the  initial  surface  signal,  similar  to  internalization  studies 
[11,14].  One  way  to  utilize  the  pepsin/HCl  buffer  would  be  to 
bring  the  cells,  after  initial  Ab  stripping,  back  to  37  °C,  a  temper¬ 
ature  that  would  allow  the  internalization  process  to  resume. 
After  a  predetermined  time  interval,  in  which  recycling  of  the 
receptor  being  studied  was  shown  to  occur,  the  surface  of  the 
cells  would  be  stripped  again  with  the  pepsin/HCl  buffer.  Then 
comparisons  could  be  made,  using  flow  cytometry,  between  the 
signals  generated  from  cells  that  were  stripped  once  to  cells 
stripped  a  second  time.  The  difference  in  the  two  measurements 
should  provide  an  indication  of  the  amount  of  receptor  recycled 
to  the  cell  surface.  However,  this  would  only  be  possible  if  you 
were  able  to  completely  remove  all  residual  fluorescence  from 
the  cell  surface. 

In  summary,  the  method  we  describe  herein  can  be  effectively 
used  to  completely  remove  residual  cell  surface  fluorescent  signal 
in  receptor  internalization  assays.  By  doing  an  even  more  detailed 
internalization  time  course,  the  pepsin/HCl  wash  would  be  ex¬ 
pected  to  generate  a  clearer,  but  more  complex  image  of  receptor 
internalization.  This  would  allow  for  better  understanding  of  the 
internalization  rates  for  specific  receptors. 
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